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ABSTRACT 


AFOSR  project  91-0126  was  undertaken  to  develop  a  design  approach  for 
improving  the  high-temperature  structural  reliability  (e.g.,  resistance  to  creep, 
fracture  and  grain  growth)  and  room  temperature  mechanical  reliability  (e.g.,  flaw 
tolerance)  of  structural  ceramics.  Some  of  the  major  accomplishments  of  this 
work  are  highlighted  below: 

1.  Engineering  of  the  grain  boundary  chemistry  in  alumina  resulted  in  a 
lowering  of  the  creep  rate  by  over  two  orders  of  magnitude  by  the  addition  of 
lOOOppm  of  Y^Oj.  It  is  conjectured  that  the  presence  of  a  highly  segregated 
oversized  (similarly  charged)  ion  at  the  grain  boundaries  is  responsible  for 
inhibiting  grain  boundary  difffusion  and  lowering  the  creep  rate. 

2.  Duplex  microstructures  of  Al203:YAG  and  Al203;Zr02  exhibited  lower 
creep  rates  and  higher  fracture  toughness  values  than  their  single  phase 
constituents.  The  creep  data  was  well  described  by  a  composite  creep  equation 
developed  for  isostrain  behavior  (i.e.  the  strain  rates  are.  the  same  for  each 
phase).  The  higher  fracture  toughness  was  attributed  to  the  contribution  of  low 
energy  interphase  boundaries  to  the  overall  composite  toughness. 

3.  It  has  been  found  that  "nanocomposites’  of  hot  pressed  AUO3 
containing  5  vol%  of  0.15//m  SiC  have  exceptionally  high  strength  (>1G^a), 
confirming  the  findings  of  Japanese  researchers  (Niihara  et  al.).  The 
strengthening  was  attributed  to  a  combination  of  apparent  toughening  arising 
from  machining-induced  residual  compressive  stress  and  flaw  size  reduction  via 
crack  healing. 

4.  Dramatic  improvements  in  flaw  tolerance  have  been  achieved  by  the 
designed  incorporation  of  spray-dried  agglomerates  into  two-phase  ceramic 
matrices  (such  as  AI2O3  agglomerates  in  an  Al203:mullite  matrix).  The  primary 
mechanism  appears  to  be  localized  grain  bridging,  although  stress  induced 
microcracking  has  also  been  observed. 

5.  Ceramics  with  high  strength  and  toughness  over  a  wide  range  of  flaw 
sizes  have  been  produced  using  a  novel  laminar  (trilaminate)  design.  The 
mechanical  properties  were  modelled  using  a  micro-mechanics  model  that 
incorporates  R-curve  behavior. 
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Kamal  K.  Soni,  Jan  M.  Chabala,  and  Riccardo  Levi-Setti 
Enrico  Fermi  Institute  and  Dept,  of  Physics 
University  of  Chicago 


For  the  first  time  the  distribution  of  yttrium  and  lanthanum  dopants  is  mapped  in  a  polycrystalline 
alumina.  Using  a  novel  scanning  ion  microprobe  (SIM)  in  combination  with  a  secondary  ion 
mass  spectrometer  (SIMS),  the  dopants  are  found  to  segregate  to  grain  boundaries  and  pore 
surfaces.  In  1000  ppm  Y-doped  AJ2O3,  an  abundance  of  YAG  precipitates  are  also  observed, 
shedding  new  light  on  yttrium’s  role  in  reducing  the  creep  rate  of  AI2O3.  The  similarity  in  the 
segregation  behavior  of  Y  and  La,  highlights  the  potential  of  La-doped  ALO3  for  improved  creep 
properties. 


Yttrium  can  enhance  the  properties  of  both  metals  and  ceramics.  When  added  to  NiCr 
or  FeCrTiAl  alloys,  yttrium  reduces  the  oxidation  rate  of  the  alloy^’^.  At  dopant  levels  of  500- 
1500  ppm  in  AI2O3,  yttrium  lowers  the  compressive  and  tensile  creep  rate  of  alumina^'^,  in  one 
study  by  greater  than  2  orders  of  magnitude^.  In  both  cases,  the  yttrium’s  beneficial  role  is 
attributed  to  its  segregation  to  (X-AI2O3  grain  boundaries.  Current  theories  have  proposed  that 
either  (i)  yttrium  reduces  the  rate  of  ion  transport  along  the  grain  boundaries (possibly  through 
the  formation  of  a  continuous  two-dimensional  second  phase®),  or  (ii)  yttrium  inhibits  the 
interface  reaction  believed  to  be  controlling  the  rate  of  ion  transport  along  the  grain  boundaries.^ 
In  support  of  these  hypotheses,  numerous  investigators  have  examined  the  distribution  of 


yttrium  in  polycrystalline  AI2O3.  A  variety  of  techniques  have  been  employed  including.  X-ray 
Energy  Dispersive  Spectroscopy  (EDS),'’^  ^  Extended  X-ray  Absorption  Fine  Structure  (EXAFS),^ 
Auger  Electron  Spectroscopy  (AES),'°  “  and  Secondary  Ion  Mass  Spectrometiy  (SIMS).^  All 
studies  found  yttrium  segregating  as  an  Y-rich,  grain-boundary  monolayer.  A  few  also  detected 
fine  precipitates  of  YAG  (3Y2O3.5AI2O3)  scattered  throughout  the  microstructure. The 
degree  of  grain  boundary  enrichment  depended  on  the  dopant  level,  Al.Oj  grain  size,  impurity 
content  of  AI2O3,  and  the  spatial  resolution  of  the  analytical  technique.  For  example,  techniques 
with  inadequate  resolution  that  sampled  large  areas,  failed  to  identify  the  YAG  precipitates  and 
generally  overestimated  the  enrichment  factors. 

The  primary  objective  of  this  work  was  to  examine  the  Y-distribution  within  an  1000  ppm 
Y-doped  polycrystalline  AI2O3  that  had  previously  exhibited  favorable  creep  properties.^  In 
addition,  a  1000  ppm  La-doped  sample  was  examined,  primarily,  to  compare  the  segregation 
behavior  of  the  two  isovalent  rare  earth  elements,  and  partly  to  assess  the  potential  of  La-doped 
AI2O3  for  improved  creep  properties.. 

Imaging  microanalysis  of  doped  polycrystalline  AI2O3  was  performed  with  the  SIM 
developed  at  The  University  of  Chicago  (UO.^^  ^  finely-focused  scanning  Ga* 

beam  to  sputter  atoms  and  molecules  from  the  uppermost  layers  of  the  specimen  surface.  In  the 
process,  a  fraction  of  the  particles  become  ionized,  creating  "secondary  ions".  The  yield  of 
secondary  tons  is  dependent  on  the  atomic  or  molecular  species,  the  bombardment  conditions  and, 
most  importantly,  the  electronic  character  of  the  surface.  Secondary  ions  are  collected,  energy- 
filtered  and  mass  analyzed.  The  mass-resolved  SIMS  signal  is  recorded  along  with  the  associated 
scan  coordinates,  thereby,  allowing  two-dimensional  SIMS  maps  to  be  constructed.  This 
technique  provides  both  the  high  spatial  resolution  and  the  analytical  sensitivity  necessary  to 
characterize  the  distribution  of  trace  dopants  in  ceramics. 

n.  Experimental  Procedure 

Samples  were  prepared  using  an  ultra-high  purity  (>99.995%)  monosized  a-alumina 
powder  (Sumitomo  AKP-53).  The  powder  was  wet-mixed  with  a  suitable  aliquot  of  either  yttrium 
or  lanthanum  nitrate  solution  to  yield  a  doping  level  of  1000  ppm  (cation/aluminum  ion).  After 
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drying,  the  powders  were  crushed  and  calcined  in  air  at  600°C  for  10  h  to  remove  carbon  and 
sulphur  contaminants.  Ail  powder  processing  was  carried  out  using  precleaned  Teflon  ware  under 
clean-room  conditions  to  minimize  powder  contamination. 

Fully-dense  samples  were  fabricated  by  hot-pressing  calcined  powder  in  a  3"  diameter 
graphite  die  under  vacuum  for  30  mins  at  50  MPa.  The  hot  pressing  temperature  was  1475°C  for 
the  1000  ppm  Y-doped  alumina,  and  1450°C  for  the  1000  ppm  La-doped  alumina.  After  hot- 
pressing,  the  materials  were  typically  >99%  theoretical  density.  Two  pieces  of  each  sample  were 
polished  down  to  1  pm  diamond  finish;  one  was  thermally  etched  in  air  at  1400°C  for  1  hour  and 
imaged  using  a  scanning  electron  microscope  (SEM),  the  other  was  analyzed  in  the  as-polished 
condition  using  the  SIM/SIMS  at  U.  Chicago. 


is  scanned  over 

the  surface  using  a  512x512  raster,  spanning  areas  ranging  from  10x10  to  80x80  pm^.  Secondary 
ions  are  collected  normal  to  the  specimen  surface  (to  minimize  edge  effects)  and  are  mass 
analyzed  in  a  magnetic  sector  mass  spectrometer.  It  is  also  possible  to  obtain  topographic  images 


The  microstructure  of  the  1000  ppm  Y-doped  AI2O3  is  shown  in  Fig.  1.  A  few  isolated 
pores  are  observed  in  the  SEM  micrograph  (Fig  1(A))  confirming  that  the  sample  was  near 
theoretical  density.  Grains  were  equiaxed  with  an  average  size  of  2.6  ±  0.5  pm.^  The  SIMS 
maps  shown  in  Fig.  1(B)  and  1(C)  were  taken  from  the  same  area  of  the  unetched  sample;  (B) 
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represents  the  unresolved  ISI  signal  displaying  topographic  contrast,  and  (C)  the  mass-resolved 
signal.  The  polishing  procedure  left  little  surface  topography  and  thus  the  only  features  visible 
in  the  ISI  map  (Fig.  1(B))  are  residual  pores  and  occasional  polishing  scratches.  In  the 
corresponding  Y"  map  a  bright  network  of  yttrium  is  observed,  clearly  demonstrating  the 
segregation  of  Y  to  the  AI2O3  grain  boundaries.  The  thickness  of  this  grain-boundary  layer  is 
determined  to  be  approximately  0.1  pm.  The  uniformity  of  the  signal  intensity  along  each 
boundary  indicates  that  the  yttrium  segregated  isotropically.  Comparison  of  the  ISI  and  the  Y'^ 

maps  reveals  that  the  surfaces  of  the  isolated  pores  were  also  enriched  with  yttrium,  as  indicated 
in  Fig  1(B),(C). 

From  the  series  of  images  shown  in  Fig.  1,  it  could  be  concluded  that  yttrium  was 
accommodated  only  as  a  grain-boundary  and  surface  segregant.  However,  Y""  maps  taken  from 
different  areas  of  the  polished  section  (see  Fig.  2)  reveal  an  abundance  of  discrete  Y-rich  second 
phases,  presumably  YAG,  located  predominantly  at  the  grain  boundaries.  In  the  regions 
containing  a  high  density  of  YAG  precipitates,  the  AI2O3  grain  size  was  refined.  A  striking 
example  of  this  is  shown  in  Fig.  3;  The  AI2O3  grain  size  increases  as  the  density  of  precipitates 
decreases,  resulting  in  a  "cobweb"  structure. 

The  1000  ppm  La-doped  AI2O3  sample  was  nearly  fully-dense  with  a  grain  structure  that 
was  more  elongated  than  that  of  the  Y-doped  sample  (see  Fig.  4(A)).  The  La'^  map  in  Fig  4(C) 
reveals  a  strong  segregation  of  La  to  the  AI2O3  grain  boundaries.  Similar  to  the  Y-doped  AI2O3, 
the  dopant  appears  to  be  distributed  uniformly  along  the  grain  boundaries.  In  addition,  pore 
surfaces  are  enriched  with  the  lanthanum,  and  La-rich  precipitates  are  observed. 

rV.  Discussion 

This  work  represents  the  first  time  that  the  distribution  of  Y  and  La  have  been  mapped 
in  a  polyciystalline  AI2O3.  Both  dopants  are  found  to  segregate  to  grain  boundaries  and  pore 
surfaces,  consistent  with  previous  work  on  Y-doped  In  contrast  to  other  dopants 

such  as  Ca,  which  segregate  anisotropically  in  Al203,‘^  the  Y  and  La  appear  to  be  distributed 
uniformly  along  the  grain  boundaries.  Excess  dopant  that  is  not  accommodated  within  the  ALO3 
grains,  or  at  the  grain  boundaries,  is  concentrated  in  discrete  second  phases.  The  ability  to 
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distinguish  between  dopant  segregation  at  the  grain  boundaries,  pore  surfaces,  and  precipitates 
within  a  single  map  underscores  the  useful  capabilities  of  this  imaging-SIMS  technique. 

In  the  light  of  these  observations,  it  is  appropriate  to  reconsider  the  role  of  yttrium  in 
lowering  the  tensile  creep  rate  of  alumina.  In  a  previous  creep  study  it  was  determined  that  the 
principal  effect  of  yttrium  was  to  reduce  the  interface  reaction  believed  to  be  governing  the  rate 
of  grain  boundary  transport.^  This  hypothesis  was  based  on  microstructural  observations  which 
indicated  an  absence  of  second  phases.  Certainly,  there  exists  regions  of  the  Y-doped  AI2O3  in 
which  the  YAG  precipitates  are  sparse.  However,  the  present  analysis  has  also  revealed  areas 
of  the  material  that  contain  an  abundance  of  YAG  precipitates.  It  is  quite  possible  that  these 
precipitates  may  be  controlling  the  creep  behavior.  For  example,  YAG  precipitates  at  the  grain 
boundaries  could  inhibit  the  grain-boundary  sliding  that  must  accompany  deformation.  Resolution 
of  these  two  contrasting  hypotheses  will  require  further  creep  work. 

The  non-uniform  distribution  YAG  precipitates  across  the  sample  section  is  attributed  to 
incomplete  mixing  of  the  Y-doped  powder.  It  is  interesting  to  note,  however,  that  this  artefact 
did  not  appear  to  diminish  either  the  beneficial  effect  of  yttrium  doping  on  the  tensile  creep 
behavior,  or  the  reproducibility  of  creep  results.  Two  possible  explanations  for  this  favorable 
result  are;  (i)  the  creep  behavior  was  dominated  by  the  Y-rich  grain  boundary  layer,  and 
insensitive  to  the  YAG  precipitates,  or  (ii)  the  scale  of  the  non-uniform  distribution  of 
precipitates  was  sufficiently  small  to  yield  an  average  and  reproducible  creep  behavior  across  the 
sample  section.  These  observation  have  some  interesting  implications!  If  the  precipitates  play  no 
role  in  the  creep  behavior,  then  a  similar  creep  behavior  can  be  achieved  at  lower  doping  levels. 
Conversely,  if  the  precipitates  play  a  significant  role,  then  increasing  the  volume  fraction  of 
precipitates  should  further  improve  the  tensile  creep  properties.  Further  creep  studies  in  this  topic 
should  therefore  prove  fruitful. 

The  similarity  in  the  segregation  behavior  of  Y  and  La  indicates  the  potential  of  La- 
doping  for  reducing  the  creep  rate  of  AI2O3.  If  the  creep  behavior  arises  from  an  inherent 
property  of  the  dopant-rich  boundaries  or  the  grain-boundary  precipitates,  then  La-doped  ALO3 
could  also  have  improved  creep  properties.  Indeed,  preliminary  work  has  shown  that  lanthanum 
also  reduces  the  creep  rate  of  alumina,  although  not  to  the  same  extent.*^ 


5 


( 1 )  Yttriuin  and  lanthanum  segregate  to  the  grain  boundaries  and  pore  surfaces  of  polycrystailine 
alumina.  Excess  dopant  is  incorporated  as  discrete  dopant-rich  precipitates  located  predominantly 
at  the  grain  boundaries. 

(2)  The  role  of  yttrium  in  the  reduction  of  the  creep  rate  of  AI2O3  should  be  reconsidered  to 
include  the  effects  of  YAG  precipitates. 

(3)  Lanthanum  doping  shows  great  potential  for  improving  the  creep  properties  of  AI2O3. 

(4)  The  imaging-SMS  technique  is  a  powerful  tool  in  the  microanalysis  of  doped  ceramics. 
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Figure  1:  1000  ppm  Y-doped  AI2O3;  (A)  SEM  micrograph  of  a  thermally  etched  polished 
section,  (B)  ISI  SIMS  map  of  an  unetched  polished  section,  (C)  SIMS  map  of  same  area 
clearly  showing  segregation  of  Y  to  pore  surfaces  and  grain  boundaries. 


•iaure  3-  1000  ppm  Y-doped  Al,03;  (A)  ISI  SIMS  map  ,  (B)  SIMS  map  illustrating  the 
cobweb”  structure  resulting  from  the  refinement  of  AfOj  grains  by  the  Y-rich  precipitates 
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Figure  4:  1000  ppm  La-doped  ALOj;  (A)  SEM  micrograph  of  a  thermally  etched  polished 
section,  (B)  ISI  SIMS  map  of  an  unetched  polished  section,  (C)  La"^  SIMS  map  of  same  area 
clearly  showing  segregation  of  La  to  grain  boundaries. 
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toughening  mechanisms  in  flaw  tolerant  alumina- 

MULLITE  CERAMICS 
A.  Khan,  H.M.  Chan  and  M.P.  Harmer 

1.  Introduction 

In  this  study  Haw  tolerance  is  defined  as  an  invariance  in  mechanical  strength  with  flaw 
size.  If  obtainable,  this  is  a  desirable  propeny  in  sirocmral  ceramics.  Flaw  tolerance  of  ceramics 
is  known  to  improve  if  they  display  R-curve  behavior  during  fracture  [1],  i.e.  if  resistance  to  crack 
propagation  rises  with  incteasing  crack  length.  R-cutve  behavior  is  a  consequence  of  crack  tip 
,at.tHtne  mechanisms  that  act  to  decrease  the  stress  intensity  at  the  crack  tip  as  the  crack  grows. 
One  type  of  shielding  mechanism  is  known  as  the  hridged-tnKrface,  in  which  the  crack  is  bridged 
behind  the  crack  tip.  e.g.  grain  bridging,  fiber  bridging  etc.  [2].  This  mechanism  is  now  generally 
as  being  responsible  for  R-curve  behavior  that  is  seen  in  nontransforming  ceramics  such 
as  ^I..mina  and  alumina-based  ceramics,  with  grains  acting  as  the  bridges  in  the  crack  wake  [1]. 
nte  most  important  variables  affecting  the  amount  of  toughening  achievable  via  this  mechanism 
are.  the  internal  stresses  and  the  grain  size  (3.4.5.61.  The  former  variable  controls  the  magnitude 
of  frictional  stresses  between  a  bridging  grain  and  the  walls  of  the  "sockets  "  in  which  it  is  situated, 
thus  governing  the  amount  of  energy  dissipated  by  a  bridge  during  pull  out  and  therefore  its 
toughening  coniriburion.  The  latter  variable  governs  the  crincal  crack  opening  displacement  above 
which  bridges  disengage,  thus  affecring  the  area  of  bridging  zone  and  therefore  the  toughening 

contribution. 

Duplex  alumina-mullite  (AM)  ceramics  were  chosen  for  study  based  on  the  "internal 
stresses"  variable  in  mind.  Significant  internal  stresses  are  expected  to  form  in  AM  ceramics  by 
virtue  of  a  substantial  mrimatch  in  thermal  expansion  coefficient  (o„  »  9  x  I0'‘  K->.  a„  -  5  x  lO'* 

K-i)  which  should  lead  to  R-curve  and  hence  flaw  tolerant  behavior.  Other  reasons  for  studying 
am  ceramics  include  the  theimodynamic  and  morphological  stability  of  AM  mixtures,  and  the 
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potential  for  AM  ceramics  to  exhibit  attractive  high  temperature  stnictural  properties.  The  final 
reason  derives  from  mullite  s  outstanding  high  temperature  strength  [7]  and  creep  resistance  [8]. 

Earlier  v/ork  by  Stuart  [9]  demonstrated  that  R-curve  response  is  achievable  in  AM 

ceramics  if  the  microstructure  is  coarsened  to  a  grain  size  of  about  7  jLim;  however  the 

improvement  in  flaw  tolerance  was  not  significant.  Moreover,  the  heat  treatment  time  recjuired  to 
increase  grain  size  further  (and  hence  improve  flaw  tolerance)  was  too  long  to  be  practicaL  This 
led  to  the  idea  of  deliberately  introducing  coarse-grained  agglomerates  of  either  alumina  or  mullite 
into  the  duplex  AM  matrix  as  potential  bridging  sites  (the  bridges  being  either,  individual 
agglomerates  or  the  large  grains  within  them).  This  two-phase  structure  with  a  bimodal  grain  size 
distribution  is  termed  a  duplex-bimodal  structure.  A  substantial  improvement  in  flaw  tolerance  was 
demonstrated  in  this  type  of  structure,  the  duplex-bimodal  structure  with  the  alumina  agglomerates 
showing  the  best  combination  of  strength  and  flaw  tolerance.  Although  the  alumina  agglomerates 
were  added  with  the  intent  that  they  individually,  or  the  grains  within  them,  act  as  bridges  in  the 
wake  of  a  crack,  this  has  not  been  substantiated.  Also,  other  R-curve  inducing  mechanisms  may 
be  operative  as  well. 


Firstly,  the  objective  of  this  research  was  to  elucidate  the  R-curve  producing  mechanisms 
that  are  responsible  for  improving  flaw  tolerance  of  duplex-bimodal  AM  ceramics.  Secondly, 
variables  affecting  these  mechanisms  were  to  be  manipulated  with  the  intent  of  optimizing  strength 
and  flaw  tolerance. 


Approach 

A  series  of  experiments  were  conducted  to  identify  the  mechanism(s)  responsible  for  R- 
curve  behavior  in  duplex-bimodal  AM  ceramics.  These  included  evaluating  flaw  tolerance  as  a 
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function  of,  (i)  alumina  agglomerate  volume  fraction  (Vf)  (agglomerate  size  fixed)  and,  (ii) 
alumina  agglomerate  size  (agglomerate  Vf  fixed).  These  experiments  combined  with  in-situ  crack 
propagation  experiments  should  reveal  useful  information  regarding  the  operative  R-curve 
mechanism(s).  Once  identified,  variables  affecting  these  mechanisms  will  be  manipulated  to 

optimize  flaw  tolerance. 

4.  F.xperimental  Details 

Batches  of  alumina+  50  vol.%  mullite  (AM50)  powder  were  mixed  with  ethanol  and  ball- 
milled  into  homogeneous  slurries.  Appropriate  amounts  of  “sized”  sphencal  spray-dried  soft 
alumina  agglomerates  were  gently  stirred  into  these  slurries  to  make  the  vanous  duplex  bimodal 
compositions  required.  The  powder  slurry  mixtures  were  then  dried  under  a  heat  lamp,  while  sail 
stirring,  to  prevent  settling  of  the  agglomerates.  In  this  manner  a  series  of  powder  mixtures  with 
0, 0.15, 0.30  and  0.45  Vf  medium  sized  alumina  agglomerates  were  made.  Two  additional 
powder  mixtures,  one  with  0. 15  Vf  small  alumina  agglomerates,  and  the  other  with  0. 15  Vf  large 
alumina  agglomerates,  were  also  made.  The  alumina  agglomerate  designations,  “medium”  and 
“large”  refer  to  starting  mean  diameters  of  =  69  ±  6  and  98  ±  7  pm  respectively.  The  “small” 

designation  corresponds  to  starting  agglomerate  diameters  <  38  pm.  Compositions  are  designated 
as  AM50-x(Aag)y  where  AM50  corresponds  to  the  50/50  vol.%  alumina+mullite  matrix,  Aag 
corresponds  to  the  alumina  agglomerates,  x  to  the  volume  fraction  of  agglomerates  and  y  to  their 
size  designation  (s=small,  m=medium  and  L=large).  Disc  shaped  samples  for  mechanical  testing 
were  first  uniaxially  pressed  (30  MPa)  and  then  isopressed  (350  MPa)  to  remove  density 
variations.  The  samples  were  then  calcined  in  air  at  1000°C  for  4  hrs.  to  remove  carbon  and  sulfur 
impurities,  and  pressureless  sintered  in  air  at  1650  C  for  25  hours. 

Haw  tolerance  was  evaluated  using  the  so  called  identation-strength-in-bending  testing 
technique.  This  is  a  method  by  which  flaw  tolerance  and  R-curve  behavior  can  be  qualitatively 
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assessed  [10].  One  can  also  extract  quantitative  R-curves  from  indentation-strength  (P-a)  data 

using  appropriate  constitutive  relations  as  done  by  Chantikul  et  al.  for  alumina  [11],  but  this 
procedure  was  not  carried  out  in  this  work.  First,  the  tensile  surfaces  of  disc  shaped  samples  were 
indented  with  a  Vickers  indenter  to  introduce  controlled  flaws.  Samples  requiring  the  low-load 
indents  were  polished  to  a  fine  finish  prior  to  indentation.  Fracture  strengths  of  the  “flawed” 
samples  were  then  measured  in  biaxial  flexure.  Fracture  strength  was  measured  for  indentation 
loads  in  the  range  of  10  to  300  N.  During  loading,  failures  typically  originated  from  one  of  the 
radial  crack  pairs  emanating  from  an  indent.  Fractured  sample  surfaces  were  examined  with  an 
optical  microscope  to  ensure  failure  originated  from  the  indentation  flaws.  Any  samples  which  did 
not  fail  from  an  indentation  flaw  were  considered  to  have  failed  from  an  intrinsic  flaw,  therefore 
giving  an  intrinsic  strength. 

It  should  be  noted  that  the  biaxial  flexure  test  geometry  used  in  this  study  has  been 
modified  since  previously  reponed  work.  Now  thinner  (2  mm  thick  vs.  3  mm),  larger  diameter 
discs  (25  mm  vs.  20  mm)  are  being  tested  on  a  larger  support  circle  diameter  (22  mm  vs.  16  mm) 
and  being  loaded  with  a  smaller  loading  flat  diameter  (3.2  mm  vs  5.4  mm).  With  this  geometry, 
the  thin  plate  formulas  used  for  determining  fracture  strengths  are  more  accurate.  Also,  the  failure 
yield  from  low  load  indent  (small  crack)  samples  is  improved  noticeably  with  this  new  testing 
geometry.  This  small  flaw  size  data  is  very  valuable  and  was  often  "lost"  with  the  old  testing 
geometry. 

In-situ  crack  propagation  experiments  were  conducted  using  a  three  point  bending  fixture 
which  allowed  qualitative  observation  of  crack/microstructure  interaction  with  either  optical 
microscopy  or  SEM.  Disc  shaped  samples  with  indentation  cracks  on  a  polished  tensile  surface 
were  placed  into  this  fixture  and  loaded  by  turning  a  screw  against  the  compressive  surface.  Then 
the  sample/fixture  combination  was  placed  under  an  optical  microsope  or  into  a  SEM  to  image  the 
crack  path  morphology  with  the  sample  under  load. 
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4.  Results  and  Discussion 
Microstructure: 

Sintered  samples  were  nearly  fully  dense,  all  compositions  sintering  to  densities  in  excess 
of  98.5  %  theoretical.  It  is  believed  that  the  pressureless  sintering  processing  route  works  in  this 
case  because  the  alumina  agglomerates  are  initially  soft,  and  sinter  at  a  rate  similar  to  the  AM50 
matrix,  thereby  preventing  any  differential  sintering  which  would  impede  densification  [12].  The 

resulting  microstructures  of  the  various  AM50-j:(Aag)y  compositions  had  an  AM50  grain  size  of* 

2  |im  (measured)  and  an  alumina  agglomerate  grain  size  of  *  10  |im  (estimated).  Final  alumina 

agglomerate  diameters  were  78  ±  6, 55  ±5  and  <  30  fim  for  the  “large”,  “medium”  and  “small” 
designations  respectively.  An  example  of  a  typical  microstructure  at  low  and  high  magnification  is 
shown  in  Rgures  la  and  lb  respectively  (in  this  case  that  of  an  AM50-0.3(Aag)m  sample).  One 
can  clearly  see  that  the  simple  mixing  procedure  used  to  process  the  duplex-bimodal  AM  ceramics 
disperses  the  alumina  agglomerates  fairly  well  (Fig.  la).  At  higher  magnification  it  is  apparent  that 
the  agglomerate  grain  size  is  at  least  an  order  of  magnitude  greater  than  that  of  the  AM50  matrix 
(Fig.  lb). 

Indentation-Strength  Response: 

Indentation-strength  (P-a)  responses  of  the  various  duplex-bimodal  AM  compositions 

evaluated  in  this  study  are  shown  in  Figures  2,  3  and  4.  The  shaded  boxes  indicate  the  range  of 
intrinsic  strength  values  of  the  various  compositions,  the  majority  of  which  are  from  10  N  indent 
load  samples.  The  intrinsic  strengths  are  taken  to  correspond  to  a  range  of  indentation  loads  below 
the  10  N  indentation  load  of  those  samples.  Data  points  plotted  with  an  error  bar  at  a  particular 
indentation  load  represent  the  mean  and  standard  deviation  of  at  least  eight  individual  strength  data 


and  “large”  diameter  of  78  fim.  The  300  N  strength  of  AM50-0. 15(Aag)L  is  greater  than  that  of 
AM50-0.15(Aag)s>  162  ±4  vs.  145  ±6  MPa  respectively.  There  doesn’t  appear  to  be  a  strength 
difference  between  the  two  compositions  at  the  lower  indentation  load  of  10  N.  A  difference  may 
become  apparent  with  more  AM50-0.15(Aag)L  10  N  data  points,  there  currendy  being  only  four 
points  to  compare  against  AM50-0. 15(Aag)s.  To  test  the  R-curve  mechanism  of  bridging  grains 
within  alumina  agglomerates,  assume  that  only  one  bridge  per  agglomerate  forms  (actually  an 
overestimate  based  on  what  is  ob.served).  Variables  that  would  affect  toughening  are,  (i)  the 
alumina  agglomerate  grain  size,  (ii)  the  alumina  agglomerate’s  internal  stress  state,  and  (iii)  the 
number  density  of  alumina  agglomerates.  Considering  that  the  alumina  agglomerate  grain  size  of 
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both  compositions  is  the  same,  and  that  the  alumina  agglomerate’s  internal  stress  state  is  not  a 
function  of  agglomerate  diameter  1 14]  (assuming  no  debonding),  the  number  density  of 
agglomerates  is  the  only  remaining  viu-iable  that  could  potentially  affect  R-curve  toughening.  Since 
there  are  ==  17X  more  alumina  agglomerates  in  AM50-0.15(Aag)s  and  hence  that  many  more 

potential  bridges,  one  would  expect  greater  toughening  and  consequently,  a  higher  300  N  strength 
for  this  composition  than  AM50-0.15(Aag)L.  This  is  the  opposite  of  what  is  observed.  It  follows 
that  the  origin  of  the  300  N  indent  strength  difference  may  be  from  a  different  mechanism,  i.e. 
either  from  the  formation  of  elastic  bridges  or  microcracking  as  described  in  the  next  section. 
Another  possible  explanation  for  the  300  N  indent  strength  increase  with  alumina  agglomerate 
diameter  may  be  that  the  AM50-0.15(Aag)L  composition  is  more  susceptible  to  lateral  cracking,  a 
phenomena  that  is  known  to  increase  strength  of  ceramics  at  high  indent  loads  [13]. 

In-Situ  Crack  Propagation  Experiments: 

In-situ  crack  propagation  experiments  have  identified  several  types  of  crack/microstructure 
interactions  in  AM50-0. 15(Aag)m  and  AM50-0.3(Aag)m  samples.  From  these  observations  various 
possible  R-curve  producing  mechanisms  can  be  postulated.  For  example,  fracture  appears  to 
proceed  both  around  and  through  alumina  agglomerates  as  shown  in  Figure  5  for  an  AM50- 
0.15(Aag)m  specimen.  Crack  deflection  around  an  alumina  agglomerate  can  be  explained  in  terms 
of  the  local  stress  state  that  arises  due  to  differential  contraction  from  the  sintering  temperature. 
Since  Ka  >  ccamso.  the  ^oeal  stress  state  is  that  of  tangential  compression  and  radial  tension  in  the 

AM50  adjacent  to  an  alumina  agglomerate,  a  stress  state  that  favors  crack  deflection  [14]. 

Although  crack  deflection  is  a  toughening  process  it  does  not  give  rise  to  R-curve  behavior  [15]. 
The  case  of  fracture  path  preference  through  alumina  agglomerates  may  be  the  result  of 
agglomerate/agglomerate  stress  field  interactions  or  of  a  fairly  strong  agglomerate/matrix  interface 
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strength.  Fracture  through  agglomerates  is  desirable  in  that  it  provides  the  potential  for  the  coarser 
alumina  grains  within  them  to  set  up  as  bridges,  a  mechanism  known  to  produce  R-curve  behavior. 

Occasionally  cracks  which  grow  into  agglomerates  lead  to  grain  bridge  formation  as  shown 
in  Figure  6  for  an  AM50-0.3CAag)ni  sample.  In  this  case  a  large  alumina  grain  within  an  alumina 
agglomerate  is  bridging  the  crack  behind  the  crack  tip.  However,  qualitative  observation  shows 
this  type  of  bridge  formation  not  to  occur  very  often.  Another  bridging  mechanism  which  occurred 
with  some  frequency  is  what  is  known  as  beam-like  elastic  bridge  formation,  examples  of  which 
are  shown  in  Figure  7.  These  types  of  bridges  are  characterized  by  a  discontinuity  in  the  crack  as 
observed  in  2D,  resulting  in  a  nonfractured  beam-like  ligament  behind  the  crack  tip.  This 
nonfractured  ligament  is  effectively  another  type  of  bridge  in  the  crack  wake  and  can  also 
contribute  to  R-curve  behavior. 

In-situ  crack  growth  experiments  in  an  AM50-0.3(Aag)m  specimen  have  also  identified 
microcracking  as  another  type  of  fracture  mechanism  in  duplex-bimodal  AM  ceramics  as  shown  in 
Figure  8.  Microcracks  have  opened  ahead  of  the  crack  tip  in  an  orientation  approximately 
perpendicular  to  the  loading  direction.  These  microcracks  appear  to  remain  open  along  the  wake  of 
the  crack.  Prior  to  loading  very  few  microcracks  were  visible  in  this  sample.  This  observation 
along  with  the  crack  orientation/stress  direction  observation  indicate  the  microcracks  formed  as  a 
result  of  the  applied  stress.  The  locations  of  the  microcracks  seen  in  Figure  8  are  consistent  with 
the  microstress  state  associated  with  the  agglomerates.  As  mentioned  earlier  the  AM50  matrix 
adjacent  to  the  alumina  agglomerates  is  in  a  state  of  tangential  compression  and  radial  tension,  and 
the  agglomerates  themselves  in  a  state  of  hydrostatic  tension.  This  type  of  microstress  state 
supports  the  types  of  microcracking  seen,  i.e.  (i)  microcracking  at  the  agglomerate/matrix  interface 
(almost  circumferential  in  some  cases),  (ii)  microcracking  of  the  matrix  in-between  agglomerates 
and  (iii)  microcracking  within  agglomerates.  Evans  and  Faber  f  16]  have  modeled  crack  growth 
resistance  for  the  case  of  a  brittle  material  in  which  microcracks  are  formed  ahead  of  a  macro-crack 
np  during  loading  and  then  remain  open  in  the  macro-crack's  wake.  In  their  model  they  showed 


theoretically  that  this  type  of  mechanism  can  result  in  R-cun'e  behavior.  Since  the  microcracking 
observations  just  described  are  consistent  with  what  Evans  and  Faber  modeled,  microcracking  in 
the  AM50-;c(Aag))r  ceramics  is  also  postulated  as  a  potential  R-curve  producing  mechanism. 

5.  Status 

In-situ  fracture  experiments  have  identified  several  different  fracture  mechanisms  that  may 
account  for  R-curve  behavior  in  duplex-bimodal  AN4  ceramics.  These  mechanisms  are  most  likely 
acting  simultaneously  to  effect  R-curve  behavior  in  duplex-bimodal  AM  ceramics,  thereby  resulting 

in  the  improved  flaw  tolerance  as  seen  using  the  P-a  technique.  Currently  the  plan  is  to  determine 

the  relative  contributions  of  each  mechanism  and  to  see  if  one  dominates.  Based  on  these  findings, 
work  will  focus  on  optimizing  R-curve  toughening  to  funher  improve  flaw  tolerance. 
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indentation  Load  (N) 


Figure  2-  Comparison  of  the  P-a  response  of  AM50  and  AM50-0.15(Aag)m. 


Indentation  Load  (N) 


Fijmre  3-  P-a  response  as  a  function  of  agglomerate  volume  fraction  (medium  sized  alumina 
agglomerates).  Error  bars  for  AM50-0.3(Aag)m  removed  for  clarity. 
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Indentation  Load  (N) 

Figure  4-  Comparison  of  P-a  response  of  AM50-0.15(Aag)s  with  AM50-0.15(Aag)L>  i-C-  alumina 
agglomerate  size  effect. 
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Abstract 


The  temperature  dependence  of  the  fracture  toughness  of  ceramics  exhibiting  duplex 
microstructures  was  studied  relative  to  their  single-phase  constituents  using  two  test  methods: 
bend  testing  of  chevron-notched  beams,  and  the  indentation  technique.  The  two  materials 
systems  studied  were  Al203:c-Zr02(Y)  and  Al203:Y3Al50i2  (YAG),  and  the  testing  temperature 
ranged  from  room  temperature  to  IZOO^C.  The  study  showed  that  in  both  systems,  the  duplex 
materials  showed  higher  toughness  values  than  their  single-phase  constituents  above  800®C.  This 
result  was  attributed  to  the  contribution  of  low  energy  interphase  boundaries  to  the  overall 
composite  toughness.  Indentation  crack  length  measurements  gave  comparable  toughness  values 
and  trends  to  those  determined  by  the  chevron-notched  beam  method.  By  comparing  the  results 
of  the  two  test  methods  it  was  possible  to  demonstrate  that  the  indentation  calibration  constant 
(^)  shows  no  significant  temperature  or  material  dependence.  For  the  zirconia  containing 
materials,  however,  indentation  at  elevated  temperatures  is  accompanied  by  significant  localized 
plasticity,  which  suppressed  the  radial  cracking.  Under  such  conditions,  some  caution  is 
warranted,  since  this  can  lead  to  an  overestimation  of  the  fracture  toughness. 

1.  Introduction 

Recent  studies  have  shown  that  duplex  microstructures  offer  several  unique  advantages 
for  structural  applications  [1].  These  include  improved  flaw  tolerant  behavior  [2],  and  enhanced 
microstructural  stability  at  high  temperatures  [3].  In  many  respects,  Al203:c-&O2(Y)  and 
Al203:Y3Als0i2(YAG)  are  ideal  model  duplex  systems  in  that  they  form  simple  eutectics  with  no 
intermediate  compounds,  and  exhibit  limited  solid-solid  solubility  between  the  end  member 


composite  system  based  on  zirconia  materials  was  investigated.  For  this  trilayer  system,  a  very 
high  strength  zirconia  +  20wt%  alumina  material  was  used  tor  the  surface  layer:  and  a  high 
toughness  Ce-zirconia  material  was  used  for  the  interior.  These  composites  exhibited  excellent 
indentation  strength  behavior,  demonstrating  that  the  trilayer  design  is  indeed  a  viable  processing 
strategy  for  achieving  the  ideal  of  high  strength  together  with  high  toughness. 

A  toughness-curve  (T-cunre)  model  based  on  strips  of  constant  closure  pressure  acting  in 
the  crack  wake  was  developed  to  account  for  the  observed  strength  behavior,  in  the  AAT20 
system.  The  main  focus  of  this  modeling  effort  was  to  predict  the  trilayer  composite  T-curve  and 
strength  properties,  based  on  the  T-curves  of  the  two  base  materials.  The  base  material  T-cuives 
were  characterized  by  four  adjustable  parameters:  (i)  T„  -  the  intrinsic  material  resistance  to  crack 
growth:  (ii)  o,  -  a  constant  closure  pressure  acting  in  the  crack  wake:  (iii)  b  -  the  distance  from 
the  surface  at  which  begins  to  act:  and  (iv)  c*  -  a  steady  state  crack  size,  at  which  the  wake 
closure  zone  has  reached  a  maximum  size,  and  beyond  which  the  zone  translates  with  the 
advancing  crack  front  The  modeling  consisted  of  incrementally  adjusting  these  four  parameters 
through  a  computer  program,  until  the  T-curve  was  able  to  ‘predict’  the  experimentally  measured 
strength  data.  The  best  fit  T-cuives  produced  good  matches  between  the  measured  and  calculated 
strengths  for  the  monolithic  base  materials.  The  best  fit  parameters  characterizing  the  base 
material  T-curves  were  then  used  to  define  the  trilayer  composite  T-curve.  The  resulting 
composite  T-curve  was  able  to  describe  the  experimentally  measured  trilayer  strength  behavior, 
including  the  influence  of  surface  layer  thickness  on  the  strength  response. 
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mechanically  mixing  powders  of  and  in  the  appropriate 

proportions.  This  was  followed  by  uniaxial  and  isostatic  pressing  of  the  green  pellets,  and 
pressureless  sintering  to  densities  >  99%  theoretical.  In  order  to  produce  the  corresponding 
single  phase  materials  with  similar  average  grain  sizes  (-2  pm)  and  sintered  densities  (>99%  of 
theoretical)  to  the  composites,  alumina,  c-ZrOj  and  YAG  specimens  were  vacuum  hot-pressed 

in  graphite  foil-lined  graphite  dies  (3  in.  ID). 

Chevron-notched  bend  bars  for  mechanical  testing  were  obtained  by  commercial 
machining^  the  chevron  geometry  used  is  illustrated  in  Figure  1  [13].  The  tests  were  carried 
out  in  air  on  a  servo-hydraulic  machine  with  attached  high  temperature  furnace  .  The  specimens 
were  tested  in  four-point-bending  (inner  and  outer  spans  of  20  and  40  mm,  respectively),  at  a 
crosshead  speed  of  0.050  mm/min.  Under  these  conditions,  the  duration  of  each  test  was 
approximately  15  -  20  seconds.  The  test  set-up  was  such  that  many  samples  could  be  broken  in 
rapid  succession.  After  fracture,  the  specimen  halves  dropped  to  the  bottom  of  the  furnace  into 
catch-trays,  and  were  immediately  removed  to  minimize  thermal  etching  of  the  fracture  surface. 
Four  or  five  valid  tests  were  conducted  at  each  temperature  (R.T.,  800“,  1000°  and  1200°C).  The 
validity  of  each  test  was  determined  by  ensuring  that  the  load-deflection  (P-6)  curve  bent  over 
prior  to  failure,  indicating  stable  crack  growth  [14].  Note  that  creep  is  not  likely  to  contribute 


‘AKP-53,  Sumitomo  Corp.  , 

^8  mol%  Y2O3,  Tosoh  Inc. 

^Molycorp 

^Bomas  Machine  Specialties,  Inc  and  Insaco  Inc. 
*MTS,  Inc. 
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to  the  nonlinear  P-6  curve  for  these  materials  for  the  crosshead  speed  used,  even  at  1200  C  [6]. 

The  fracture  toughness  from  the  chevron-notch  tests,  K|^,  was  calculated  using  the 
following  relation  [15]: 

K,cv  =  Y„*[P„,„(S,-S^/BW^]  (1) 

where  W  is  the  specimen  height  (6  mm),  B  is  the  width  (3  mm),  Sj  and  Sj  are  the  outer  and 

inner  spans,  respectively,  P, _ is  the  maximum  load  and  Y„  is  a  calibration  factor.  The 

calibration  constant  was  calculated  using  the  Bluhm  slice  model  [16,17]  with  the  aid  of  a 
computer  program  [13];  a  value  of  4.356  was  obtained  for  the  chevron  geometry  used.  A  review 
of  fracture  toughness  testing  using  chevron-notched  specimens  has  been  given  by  Newman  [18]. 

1.2  Results 

Fracture  toughness,  as  a  function  of  test  temperature  is  plotted  in  Figure  2  for  both 
composite  systems.  The  room  temperature  values  are  within  the  range  of  values  reported 
previously  for  similar  materials  [5,8-10,12,19,20].  The  study  showed  that  the  fracture  toughness 
decreased  with  increasing  temperature  for  all  materials  except  the  YAG,  in  which  it  increased 
slightly.  Interestingly,  at  temperatures  above  ~400®C,  the  composites  of  both  systems  exhibited 
higher  fracture  toughness  values  than  their  single  phase  constituents. 

Fractography  showed  that  the  c-ZrOj  and  YAG  materials  experience  a  change  in  fracture 
mode  with  increasing  temperature.  At  room  temperature  c-ZiOj  and  YAG  both  fracture 
transgranularly.  At  temperatures  of  SOO^C  and  greater,  however,  these  materials  fracture 
inteigranularly;  see  Hgure  3.  Conversely,  the  failure  mode  in  AI2O3  was  intergranular  at  all  test 
temperatures.  For  the  composite  materials,  the  fracture  surfaces  exhibited  a  mixture  of  trans-  and 
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intergranular  failure  at  room  temperature,  and  all  intergranular  fracture  at  high  temperatures.  No 
evidence  of  plasticity  was  observed  on  any  of  the  fracture  surfaces  for  any  test  temperature. 


13  Discussion 
a)  Single  phase  materials 

To  rationalize  the  temperature  dependence  of  the  fracture  toughness,  consider  the  relation 

K,c  =  (2rdrE)‘”  (2) 

where  is  the  effective  fracture  surface  energy,  and  E  is  Young’s  modulus  [21].  Clearly  both 
terms  will  vary  with  temperature,  and  contribute  to  the  overall  temperature  dependence  of  the 
fracture  toughness.  Taking  into  account  the  temperature  dependence  of  the  elastic  modulus  [22- 
26]*,  we  can  plot  the  effective  fracture  surface  energies  (27*0)  for  the  materials  tested  in  this 
study  as  a  function  of  temperature  (see  Figure  4). 

In  the  case  of  completely  brittle  fracture,  since  increased  thermal  vibration  will  facilitate 
bond  breakage,  one  would  expect  to  decrease  with  increasing  temperature,  and  this  was  indeed 
the  case  for  all  the  materials  studied.  In  the  fracture  of  single  crystal  materials,  the  temperature 
dependence  of  will  be  equivalent  to  that  of  the  surface  energy  y,  [7],  however  in 
polycrystalline  materials  there  is  the  added  consideration  of  fracture  mode. 

For  the  case  of  intergranular  fracture,  the  energy  (per  unit  area)  required  to  separate  two 
grains  along  the  boundary  is; 


*  In  the  case  of  c-ZK)^,  due  to  lack  of  data,  values  of  elastic  modulus  for  temperatures  > 
TOO^C  were  obtained  by  extrapolation  [32].  For  YAG,  all  values  from  room  temperature  and 
higher  were  obtained  by  extrapolation  of  data  measured  in  the  range  150  -  300  K  [33].  For 
AZSO  and  AY50,  elastic  moduli  values  were  calculated  using  the  averaging  method  by  Hashin 
and  Shtrikman  [36]. 


5 


of  intergranular  and  transgranular  fracture.  Given  that  single  phase  alumina  fractures 
intergranularly  at  this  temperature,  and  both  c-ZrOj  and  YAG  fracture  transgranularly,  the  most 
straightforward  explanation  for  this  behavior  is  that  the  composites  are  behaving  as  simple 
mixtures  of  their  constituent  phases.  Although  attractive  in  its  simplicity,  it  should  be  noted  that 
this  argument  neglects  several  factors  which  could  influence  the  toughness  behavior  of  the  duplex 
materials.  Firstly,  there  is  the  possible  role  of  residual  stresses  arising  from  thermal  expansion 
mismatch  between  the  two  phases.  This  effect,  if  any.  would  be  expected  to  be  more  pronounced 
in  the  case  of  AZ50  than  AY50,  due  to  the  greater  difference  in  thermal  expansion  coefQcients 
(a^  =  -9.0xl0rc  [32],  =  -lOxlOrC  [33,34],  =  -8.9x10^0  [35,36]).  Secondly,  in 

the  duplex  material  there  are  added  considerations  due  to  the  connectivity  of  the  two  phases, 
since  this  determines  the  extent  to  which  the  crack  can  follow  the  path  of  least  resistance.  To 
illustrate  this  point,  consider  for  example  the  extreme  case  of  a  laminar  composite,  where  it 
would  be  possible  for  the  crack  to  propagate  entirely  within  the  weaker  phase,  or  along  the 
interphase  boundary  if  it  were  more  energetically  favorable.  Finally,  one  might  expect  some 
contribution  of  the  interphase  boundaries  to  the  overall  toughness  behavior,  but  their  influence 
at  room  temperature,  if  any,  is  unclear.  Interestingly,  in  a  previous  study  involving  indentation 
cracks  m  AZ50  [5],  fracture  along  AZ  boundaries  was  rarely  observed.  The  above  considerations 
notwithstanding,  it  is  believed  that  at  room  temperature,  the  law  of  mixtures  is  a  reasonable 
approximation  to  the  duplex  behavior,  given  the  toughness  values  of  both  AZ50  and  AY50  fall 
almost  exactly  half-way  between  the  single  phase  values. 

At  elevated  temperatures,  the  behavior  is  markedly  different  in  that  the  duplex  composites 
exhibit  toughness  values  which  are  higher  than  those  of  the  single  phase  constituents.  If  we 
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composite  systems  at  high  temperatures.  As  additional  evidence  to  this,  dihedral  angle 
measurements  [37]  and  microstructural  observations  of  the  AljOjX-ZrOjOO  system  [3]  indicate 
that  the  interphase  boundary  energy,  Yaz.  is  indeed  lower  than  either  of  the  grain  boundary 
energies  of  alumina  and  zirconia,  i.e.,  >  Yzz  >  Yaz  •  Unfortunately,  corresponding  data  are 

not  available  for  the  aluminaA^AG  interphase  boundary  energies,  although  the  higher  composite 
fracture  surface  energy  for  AY50  relative  to  the  single-phase  components  implies  a  similar  trend 
to  the  alumina/zirconia  system. 

n.  Indentation  Testing 
2.1  Experimental 

Specimens  for  indentation  testing  (5  x  5  x  10  mm)  were  cut  from  the  same  billets  of 
materials  as  used  in  the  first  part  of  the  study.  In  each  case,  the  pros|)ective  indentation  surface 
was  polished  to  a  1  pm  diamond  finish.  The  indentation  tests  were  performed  under  vacuum  (2 
X  10  *  Torr)  in  a  high  temperature  microhardness  testing  machine’;  5-8  indentations  were 
measured  for  each  temperature  and  indentation  load  condition.  The  range  of  temperatures  tested 
was  the  same  as  that  for  the  chevron  notch  bend  tests,  i.e.,  R.T.  -  1200®C  A  range  of 
indentation  loads  (10,  5,  3  and  2  N)  was  used  to  test  whether  the  materials  exhibited  R-curve 
behavior  [19].  The  crack  lengths  were  measured  as  soon  as  possible  after  indentation  (usually 
within  10  -  15  seconds)  to  minimize  the  effects  of  subcritical  crack  growth.  The  above  values 
were  then  used  to  determine  the  temperature  dependence  of  the  fracture  toughness  Kjq  (see  next 
section). 

’  Nikon,  Model  QM 
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2.2  Results 


a)  Effect  of  temperature  on  radiai  crack  length  and  toughness 

The  temperature  dependence  of  the  radial  crack  length  (5  N  indentation  load)  for  all  the 
materials  tested  is  shown  in  Figure  5.  It  can  be  seen  that  the  different  materials  show  markedly 
different  behavior.  For  single  phase  AljOj,  the  crack  length  increased  linearly  with  increasing 
temperature;  whereas  in  the  case  of  YAG  and  AY50,  the  crack  length  was  approximately 
invariant  with  temperature.  For  the  zirconia  containing  materials  AZ50  and  c-Zr02,  the  radial 
crack  size  increased  initially  with  increasing  temperature,  with  a  maximum  at  ~600°C.  At  even 
higher  temperatures,  however,  cracking  was  no  longer  observed.  Specifically,  in  AZ50,  no  cracks 
were  seen  above  700®C  for  10  N  loads,  600“C  for  5  N  loads,  and  400®C  for  3  and  2  N  loads. 
In  single-phase  c-ZrOj,  radial  cracking  was  not  observed  above  900®C  for  10  N  loads,  800“C  for 
5  N  loads  and  600®C  for  3  and  2  N  loads.  In  all  cases,  the  decrease  in  radial  crack  length  with 
increasing  temperature  above  600°C  was  accompanied  by  local  plasticity  around  the  indentation 
site  in  the  form  of  material  pile-up. 

The  fracture  toughness  corresponding  to  a  given  indentation  temperature  (6)  was 
calculated  from  the  following  expression: 

K(e)„  =  ?  [E(9)m(e))“  (P/c(e)«]  (6) 

where  |  is  the  indentation  calibration  constant,  E  is  Young’s  modulus,  H  is  the  har<tnft««,  c  is  the 
radial  crack  length,  and  P  is  the  indentation  load  [19].  The  temperature  dependence  of  Young’s 
modulus  for  the  materials  tested  was  determined  from  literature  values  as  described  previously 
(see  Figure  6).  The  hardness  values  for  the  different  indentation  temperatures  was  determined 
experimentally  from  measurements  of  the  impression  size.  The  calculated  modulus  to  hardness 
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ratio  for  all  the  materials  studied  was  found  to  increase  monotonically  with  increasing 
temperature,  see  Figure  7.  The  crack  length  data  was  analyzed  in  two  ways.  Firstly,  a  value  of 
^  taken  from  the  literature  was  used  to  calculate  fracture  toughness  values  according  to  Eqn.  (6), 
and  the  results  are  plotted  in  Figure  8.  In  the  second  case,  the  variation  in  ^  was  investigated 
by  calculating  the  following  ratio, 

I  =  KCeXcv  /  {[E(0)/H(0)J‘^  [P/c(0)"®]}  (7) 

where  K(0)]Qy  is  the  fracture  toughness  value  obtained  previously  by  chevron  notch  testing. 

Note  that  particularly  at  the  higher  indentation  loads  (5,  10  N),  there  was  a  tendency  for 
pronounced  lateral  cracking  in  the  c-ZrOj,  YAG  and  AY50  composite  materials.  In  such  cases, 
the  value  of  radial  crack  length  was  not  used  in  the  calculation  of  fracture  toughness,  as  these 
would  tend  to  give  artificially  high  values  [38]. 
b)  Effect  of  load  on  indentation  behavior 

Aside  from  the  afore-mentioned  lateral  cracking  at  the  higher  loads,  no  significant  effect 
of  indentation  load  on  the  measured  fracture  toughness  was  observed.  Specifically,  at  any  given 
test  temperature,  the  value  (P/c^  was  relatively  constant  over  the  range  of  indentation  loads 
tested.  This  result  indicates  that  the  materials’  crack  resistance  behavior  can  be  characterized  by 
a  single  value  of  fracture  toughness.  The  absence  of  room  temperature  R-curve  behavior  is  in 
agreement  with  the  results  of  a  previous  study,  where  the  indentation  strength  in  bending  method 
[39]  was  used  to  study  the  mechanical  behavior  of  AljOaX-ZrOj  composites  [5]. 

23  Discussion 

a)  Temperature  Dependence  of  Indentation  Crack  Length 
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For  Vickers  indentation,  the  extent  of  radial  cracking  is  determined  by  both  the  toughness, 
and  the  magnitude  of  the  residual  stress  intensity  resulting  from  the  material’s  elastic 
accommodation  of  the  plastically  deformed  impression  zone.  The  explicit  dependence  of  crack 
length  on  the  above  factors  can  be  seen  by  rearranging  Eqn.  6  to  give: 

c(e)^  a  [E(0)/H(0)]^.  1/K,c(0)  (8) 

The  crack  driving  force  term  scales  with  the  ratio  of  elastic  modulus  to  hardness,  both  of  which 
decrease  with  increasing  temperature.  Overall,  however,  the  ratio  E(0)/H(0)  increases  (see  Figure 
7),  since  the  hardness  values  fall  off  more  rapidly.  Thus  the  tendency  will  be  for  the  radial  crack 
length  to  increase  with  increasing  temperature,  unless  there  is  a  sufficiently  large  compensating 
increase  in  toughness.  With  this  in  mind,  the  invariance  of  crack  length  with  temperature  for  the 
YAG  and  AY50  materials  can  be  attributed  to  their  relatively  flat  (E/H)*^  and  toughness 
functions.  In  the  case  of  alumina,  c-Zr02  and  AZ50,  the  sharply  increasing  crack  driving  force 
term,  together  with  the  decreasing  toughness  values  give  rise  to  the  strong  increase  in  crack 
length  with  increasing  temperature. 

At  elevated  indentation  temperatures,  the  ziiconia  containing  materials  no  longer  exhibit 
radial  cracking.  Since  this  behavior  is  associated  with  substantial  pile-up  of  material  around  the 
indentation  site,  it  is  postulated  that  at  temperatures  >  600‘’C,  the  permanent  deformation  can  be 
accommodated  by  plastic  flow  up  and  around  the  indenter.  Clearly  this  will  result  in  a  reduction 
of  the  residual  stress  intensity  at  the  indentation  site.  The  apparent  increase  in  the  measured 
indentation  fracture  toughness  of  AZ50  and  c-Zr02  above  400  and  600*C  (respectively)  is  an 
indication  of  this  effect  Interestingly,  our  study  also  showed  that  the  value  of  the  transition 
temperature  was  load  dependent  Thus  for  low  indentation  loads,  the  radial  cracking  behavior 
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did  not  extend  to  as  high  indentation  temperatures  as  for  high  loads.  This  trend  is  consistent  with 
the  plastic  flow  model,  since  at  lower  loads,  because  the  impression  is  smaller  and  more  shallow, 
the  displacement  of  a  relatively  smaller  volume  of  material  to  the  surface  is  facilitated. 


The  observation  of  suppressed  radial  cracking  with  increasing  indentation  temperature  has 
been  reported  previously  for  single  crystal  c-ZrOj  [12]  and  MgO  [40],  however  the  interpretation 
of  such  behavior  is  slightly  different.  Unlike  in  the  polycrystalline  materials  where  brittle 
intergranular  fracture  takes  place,  the  single  crystal  materials  are  sufGciently  ductile  that  the 
increased  ease  of  dislocation  movement  at  elevated  temperatures  gives  rise  to  increased  resistance 
to  cracking  and  hence  toughness. 

b)  Comparison  Between  Measurement  Techniques 

Figure  8  shows  the  temperature  dependence  of  indentation  fracture  toughness  values 
calculated  from  Eqn.  7,  and  using  a  value  of  ^  =  0.016  taken  from  the  literature  [19J. 
Comparison  with  the  fracture  toughness  values  measured  by  the  chevron-notched  beam  (Figure 
2)  show  that  the  general  trends  of  the  data  with  increasing  temperature  are  in  reasonable 
agreement  between  the  two  methods  (aside  from  the  data  points  in  the  zirconia-containing 
materials  where  the  bulk  plasticity  led  to  erroneously  high  values). 

An  alternative  method  of  analyzing  the  crack  length  results,  is  to  calculate  the  value  of 
the  indentation  calibration  constant  using  the  values  of  fracture  toughness  determined  previously 
by  chevron  notch  bend  testing.  Taking  the  average  of  the  individual  ^  values  calculated  for  each 
material  at  each  temperature,  we  obtain  ^  ~  0.024  ±  0.004,  which  compares  veiy  favorably  with 
the  value  of  0.016  ±  0.004  obtained  by  Anstis  et  al.  [19].  The  present  results  thus  support  the 


13 


Acknowledgements 


The  authors  would  like  to  thank  L.  M.  Braun  at  NIST  for  help  with  hot-pressing  the 
single-phase  materials,  M.  Roddy  and  W.  R.  Cannon  at  Rutgers  for  their  help  and  use  of  the 

MTS  high  temperature  testing  machine,  B.  R.  Lawn  and  E.  R.  Fuller  for  helpful  discussions  and 
W.  E.  Luecke  for  reviewing  this  manuscript. 


References 

1.  M.P,  Harmer,  H.M.  Chan  and  G.A.  Miller,  "Unique  Opportunities  for  Microstructural 

Engineering  with  Duplex  and  Uminar  Ceramic  Composites".  J.  Am.  Ceram.  Soc.,  75[7]  1715- 
1728  (1992). 

2.  S.J.  Bennison,  N.P.  Padture,  J.L.  Runyan  and  B.R.  Lawn,  "Flaw-Insensitive  aramics",  PhiL 
Mag.  Lett,  64[4]  191-195  (1991). 

3.  J.  D.  French.  M.  P.  Harmer.  H.  M.  Chan  and  G.  A.  Miller.  "Coarsening-Resistant  Dual-Phase 
Interpenetrating  Microstructures".  J.  Am.  Ceram.  Soc.,  73[8]  2508-2510  (1990). 

4.  J.D.  French,  Unpublished  Work. 

5.  J.  D.  French,  H.  M.  Chan,  M.  P.  Hanner  and  G.  A.  Miller,  "Mechanical  Properties  of 

Interpenetrating  Microstructures:  The  AI,03:c.Zr0.  System’,  /,  Am.  Ceram.  Soc..  75[2J  418-423 
(1992). 


6.  J.  D.  French.  J.  Zhao.  M.  P.  Harmer,  H.  M.  Chan  and  G.  A.  Miller,  Tensile  Creep  of  Duplex 
Microstructures",  J.  Am.  Ceram.  Soc.,  In  Press  (1994). 

7.  S.  M.  Wiederhora,  B.  J.  Hockey  and  D.  E.  Roberts,  ’Effect  of  Temperature  on  the  Fracture 


15 


Stabilized  Zirconia  Single  Crystals"./.  Am.  Ceram.  Soc.,  74[3]  491-5(X)  (1991). 

13.  J.  Salem,  Private  Communication  (1991). 

14.  L.  Chuck,  E.  R.  Fuller  Jr.  and  S.  W.  Freiman,  "Chevron-Notch  Bend  Testing  m  Glass:  Some 
Experimental  Problems",  pp.  167-175  in  Chevron-Notched  Specimens:  Testing  and  Stress 
Analysis,  ASTM  STP  855,  eds.  J.  H.  Underwood,  S.  W.  Freiman  and  F.  L  Baratta,  American 
Society  for  Testing  and  Materials,  Philadelphia,  (1984). 

15.  D.  Munz,  R.  T.  Bubsey  and  J,  L.  Shannon  Jr.,  "Fracture  Toughness  Determination  of  alumina 
Using  Four-Point-Bend  Specimens  with  Straight-Through  and  Chevron  Notches",  /.  Am.  Ceram. 
Sac.,  e[5-6]  300-305  (1980). 

16.  J.  1.  Bluhm,  "Slice  Synthesis  of  a  Three  Dimensional  ’Work  of  Fracture’  Specimen",  Eng. 

16 


Fract.  Mech.,  7,  593-604  (1975). 

17  J  I  Bluhm  "Stability  Considerations  in  the  Generalized  Three  Dimensional  ’Work  of 
Fracluie’  SpecimM".  pp.  409-417  in  Fracure  1977,  Vol.  3.  nd.  D.  M.  R.  Tnplin,  University  of 
Waterloo  Press,  Waterloo,  Ontario,  Canada  (1977). 

18  J  C  Newman  Jr.,  "A  Review  of  Chevron-Notched  Fracture  Specimens",  pp.  5-31  in  Chevron- 
Notched  Specimens:  Testing  and  Stress  Analysis,  ASTM  STP  855,  eds.  J.  H.  Underwood,  S.  W. 
Freiman  and  F.  I.  Baratta,  American  Society  for  Testing  and  Materials,  Philadelphia,  (1984). 

19.  G.  R.  Anstis,  P.  Chantikul,  B.  R.  Lawn  D.  B.  Marshall,  "Critical  Evaluation  of  Indentation 
Techniques  for  Measuring  Fracture  Toughness:  I,  Direct  Crack  Measurements",  J.  Am.  Ceram. 
Soc.,  64[9]  533-539  (1981). 

20.  T.  Nose  and  T.  Fujii,  "Evaluation  of  Fracture  Toughness  for  Ceramic  Materials  by  a  Single- 
Edge-Precracked-Beam  Method",  J.  Am.  Ceram.  Soc.,  71[5]  328-333  (1988). 

21.  G.  R.  Irwin,  "Fracture",  pp.  551-590  in  Handbuch  derPhysik,  Vol.  6,  ed.  S.  Flugge,  Springer- 
Verlag,  Berlin,  FRG, 

22.  T.  Goto,  O.  L.  Anderson,  L  Ohno  and  S.  Yamamoto,  "Elastic  Constants  of  Corundum  up  to 
1825  K",7.  Geophys.  Res.,  94[B6]  7588-7602  (1989). 

23.  H.  M.  Kandil,  J.  D.  Greiner  and  J.  F,  Smith,  "Single  Crystal  Elastic  Constants  of  Yttria- 
Stabilized  Zirconia  in  the  Range  20°  to  700°C",  J.  Am.  Ceram.  Soc.,  67[5]  341-346  (1984). 

24.  W.  J.  Alton  and  A.  J.  Barlow^  "Temperature  Dependence  of  the  Elastic  Constants  of  Yttrium 
Aluminum  Garnet",  J.  AppL  Phys.,  38[7]  3023-3024  (1967). 

25.  E.  G.  Spencer,  R.  T.  Denton,  T.  B.  Bateman,  W.  B.  Snow  and  L.  G.  Van  Uitert,  "Microwave 
Elastic  Properties  of  Nonmagnetic  Garnets",  J.  Appl.  Phys.,  34[10]  3059-3060  (1963). 


17 


Variational  Approach  to  the  Theory  of  Elastic  Behavior  of 


Polycrystals",  J.  MecK  Phys.  SalMs,  10,  343-352  (1962). 


27.  Z. 


Shtrikman,  :A  Variational  Approach  to  the  Theory  of  Elastic 
",  J.  Mech.  Phys.  Solids,  11,  127-140  (1963). 

nfRrktlsSolids-Second  Edition,  Cambridge  Solid  State  Sc 


Cambridge  University  Pr^s,  Cambridge,  1993. 


"Crack 


565-576  (1983). 


K.  T.  Faber  and  A.  G.  Evans,  "Crack  Deflection 


Acta  MetalL 


,  and  J,  W.  Hutchinson,  "Crack  Deflection  at  an  Interface  Between  Dissimilar  Elastic 


G.  Bayer,  "Thermal  Expansion  Anisotropy  of  Oxide  Compounds 


",  Proc, 


.  Soc,, 


22,  39  (1973). 

33.  K.  S.  Mazdiyasni,  C  T.  Lynch  and  J.  S.  Smith  11,  "Cubic  Phase  Stabliizattan  of  Translucent 


Yttria-Zirconia  at  Very  Low  TemFratures",  J.  Am.  Ceram.  Soc.,  S0[10]  532-537  (1967). 

34,  V.  B.  Olushkova,  V.  V.  Osiko,  L  G.  Shcherbakova,  V.  1.  Aleksandrov,  Y.  N.  Paputskii  and 
V.  M.  Tatarintsev,  "Characteristta  of  Monocrystalline  Solid  Solutions  in  the  System  ZrO,-Y ,0,". 
Inorg.  Mater.  (USSR),  13[12]  1751-1754  (1977). 

35  P  H.  Klein  and  W.  J.  KrofI,  •Ihermal  Conductivity,  Diffusivity  and  niemial  Expansion  of 


Ceram.  Soc.,  54[7]  355-356  (1971). 

37.  I-W.  Chen  and  L.  A,  Xue,  "Development  of  Superplastic  Ceramics",  J.  Am.  Ceram.  Soc,, 
73[9]  2585-2609  (1990). 

38.  R.  F.  Cook,  M.  R.  Pascucci  and  W.  H.  Rhodes,  "Lateral  Cracks  and  Microstructural  Effects 
in  the  Indentation  Fracture  of  Yttria",  J.  Am.  Ceram.  Soc.,  73[7]  1873-1878  (1990). 

39.  P.  Chantikul,  G.  R.  Anstis,  B,  R.  Lawn  and  D.  B.  Marshall,  "A  Critical  Evaluation  of 
Indentation  Techniques  for  Measuring  Fracture  Toughness:  II,  Strength  Method",/.  Am.  Ceram, 
Soc.,  64[9]  539-543. 

40.  N.  Khasgiwale  and  H.M.  Chan,  "High  Temperature  Indentation  Studies  on  the  {110}  Plane 
of  Single  Crystal  MgO",/.  Am,  Ceram.  Soc,,  7S[6]  1924-1928  (1992). 


19 


igiBir® 


FigMir©  1.  Chevron  geonnetiry  u^ed.  The  bearn  length  was  55  niin. 

Figure  2=  Fracture  toughness,  measured  by  chevron-notched  beam,  as  a  function  of  temperature 
for  the  Al203:c-Zr02  (top)  and  Al203:YAG  (bottom)  systems. 

Flgns^s  3.  Fracture  surfaces  of  AI2O3,  AZ50,  c-ZrOj,  AY50  and  YAG  at  room  temperature  and 
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Fig.  1.1.  The  various  types  of  cracks  which  may  be  observed  ai  a  Vickers  19 

indentation  site  (from  Cook  &  Pharr.  1990). 

Fig.  1.2.  Benard  ceils  (general  pattern  of  mottled  contrast  in  (a))  in  the  green  30 

tape  may  lead  to  pockets  of  incompletely  sintered  powder  aligned 
along  the  original  layer  interfaces  (b)  and  (c).  These,  in  turn,  may 
result  in  weak  interfaces,  causing  delaminations  to  occur  during  Ifacture. 
as  shown  in  (d). 

Fig.  1.3  Fracture  surface  showing  the  full  cross-section  of  an  Al,03  ;  31 

AloO,  -i-  12  vol.%  ZrOo  laminated  composite,  showing  prefer¬ 
ential  settling  of  the  zirconia. 

Fig.  11. 1  Trilayer  composite  design.  Place  a  material  with  strength  response.  34 

A.  on  the  surfaces  of  a  flaw  tolerant  bulk  material.  B.  At  the  optimal 
surface  layer  thickness,  the  trilayer  composite.  C.  exhibits  a  strength 
response  indicated  by  the  dashed  line. 

Fig.  IILI  Sintered  microstructures  of  the  two  kinds  of  AAT20:  (a)  Homo-  39 

geneous.  as-tired  surface;  (b)  Inhomogeneous,  as-fired  surface; 

(c)  Homogeneous,  fracture  surface;  (d)  Inhomogeneous,  fracture 
surface.  All  samples  sintered  1600°C  for  20  min. 

Fig.  10.2  (top  left)  12Ce  green  tape  microstructure,  with  well-dispersed  particles: 

(top  right)  3Y20A  green  tape  microstmcture.  showing  agglomerates 
separated  by  binder:  (bottom)  calcined  3Y20A  showing  voids  Ifom 
binder  bumouL 


Fig.  01.3  As  fired  surfaces  showing  sintered  microstructure  of  3Y20A. 

(top)  sintered  at  1500  C  for  2  hts;  (bottom)  sintered  at  1500  C  for  3  hrs. 

Fig.  01.4  Fracture  surface  view  of  the  interface  in  zirconia  trilayers,  (top)  first 

batch,  before  altering  slurry  recipe,  sintered  1500  C  for  2  hrs:  (center)  using 
modified  slurry  recipe,  1500  C  for  2  hrs:  (bottom)  sintered  1500  C  for  3  hrs. 


Density  improved  with  each  nev/  treatment. 

Fig.  IV.  1  Top  view  of  Vickets  indentation,  showing  the  parameters  which  were  53 

mea.sured  in  Figures  IV.2  and  IV.3  below. 

Fig.  IV.2  Indentation  impression  half-diagonals.  Line  shows  response  for  constant  53 

hardness  of  18  GPa  (best  fit  to  Eq.  24  for  homogeneous  AAT20).  Error 
bars  same  size  as  symbols. 

Fig.  IV.3  Radial  crack  lengths.  Line  shows  best  fit  to  Eq.  20  for  the  homogeneous  55 

material  (giving  a  Pl=2445N).  This  line  ptisses  through  error  bars  for 
the  inhomogeneous  AAT20. 

Fig.  IV.4  Lateral  crack  development  in  the  two  base  AAT20  materials.  Again,  note  55 

the  similarity  in  lateral  cracking  behavior. 

Fig.  IV. 5  Indentation  strength  response  of  the  two  AAT20  base  materials,  sintered  57 

at  i6{)0°C  for  20  min.  Dashed  bands  represent  .strength  levels  for  natural 
flaw.s  (i.e..  unindented),  and  indicate  the  P  limit,  above  which  all  inden¬ 
tations  (for  given  P)  produced  fracture. 

Fig.  IV. 6  Typical  indentation  strength  behavior  of  AAT20  trilayer  composites  of  58 

various  thicknesses.  Top  graph  shows  response  when  surface  layer  is 
too  thick:  bottom  graph,  too  thin.  The  points  at  extreme  left  (0.5N) 
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Table  I. 
Fig.  IV.8 


represent  unindcntcd  strengths. 

Fig.  1V.7  Indentation  strength  response  of  trilayer  composites  having  the  optimum 
surface  layer  thickness.  104pm.  The  hatched  band  represents  unindented 
strengths  for  the  tnlayers:  while  the  points  at  0.5N  represent  unindented 

similarity  between  this  behavior 

Table  I.  AAT20  Strengths 

Fig.  IV.8  ^  cracks  of  various  sizes  with  the  microstructure  m  monolithic 

AAT20  and  tnlayer  composites.  The  smaUest  cracks  are  fuUy  contained 
wi^n  the  surface  raatenal;  intermediate  sized  cracks’  sample  a  significant 
portion  of  both  surface  layer  and  bulk  materials:  and  the  largest  craik^Tm 
interacting  almost  exclusively  with  bulk  material  ®  “ 

Fig.  IV.9  in  the  zitconia  trilayer  system,  sintemd  at 

1500  C  for  2  hrs.  Tnlayers  seem  to  indicate  composite  strength  behavior 
Points  at  extreme  left  represent  unindented  samples. 

Fig.  IV.  10  Indentation  strength  behavior  for  the  zirconia  trilayer  composites. 

^  1500OC.  Trilayers  exhibit  strencth  of  the  bulk 

Ce-ZrO,  material.  ^ 

Ftg.  V.  1  T-cuive  (above)  and  corresponding  strength  (below)  for  a  material 
which  possesses  a  constant  toughness.  Such  a  material  is  flaw- 
p.  sensitive  and  would  display  the  classical  P'*"  strength  response, 

ig.  -cuiwe  (above)  and  corresponding  strength  (below),  for  a  material 
w  ich  displays  a  toughness  which  increases  with  crack  size.  Such  a 
materiid  is  flaw-tolerant,  and  would  display  a  nearly  constant 
strength  over  a  range  of  flaw  sizes. 

ig.  V.3  The  stress  intensity  factor  solution  for  an  embedded  penny-shaped  flaw 
•ia  V  4  crack-face  loading  by  a  strip  of  constant,  normal  stress,  a  ’ 

^  Someth  of  EqT'  monolithic  materials,  illustrating  the  essenfial 

■Jg.  V.5  Two  alternatives  to  the  simple  truncation  of  the  T-curve  at  c*.  The  left 
side  shows  a  crack  larger  than  c*.  with  the  closure  zone  defined  by  the 

"  decreasing  toughness  with 

ira?k  iz^at  rTei.  m 

crack  size  at  all.  Here,  the  toughness  increases  without  limit.  Both 
scenarios  were  rejected  as  too  unrealistic. 

ig.  V.6  Indentation  strength  behavior  of  the  homogeneous  AAT20  base  material. 
Symbols  and  error  bars  represent  experimentally  measured  strengths;  and 
the  solid  line  represents  the  values  calculated  by  the  linear  strip  T-curve 
model,  using  method  1(d).  Best  fit  parameters  were  Tn  =  ^  ^7  MPa*m'^- 
0,  =  95  MPa;  b  =  28  pm;  and  c*  =  1180  pm.  ’ 

g.  V.7  I^ndentatjon  strength  behavior  of  the  inhomogeneous  AAT20  base  material. 
Symbofs  and  error  bars  represent  experimentally  measured  strengths: 
while  the  .solid  line  represents  strength  values  calculated  by  the  linear 

Jn  parameters  were  ct  = 

.324  MPa:  b  =  228  pm;  and  c*  =  1220  pm.  " 

’■  T-curve,s^calculated  using  the  best  fit  parameters  for  the  two  base  materials 
(.see  Table  II).  using  the  linear  strip  model. 


Fig.  V.2 


Fig.  V.3 
Fig.  V.4 
Fig.  V.5 


Fig.  V.6 


Fig.  V.7 


Fig.  V.8 


Fig.  V.9  Indentation  strength  behavior  of  the  AAT20  triiayer  composites  having  88 

layer  thickness  of  104  pm.  Symbols  and  error  bars  represent  experimentally 
measured  strengths;  solid  line  represents  strength  values  calculated  by  the 
linear  strip  T-curve  model,  using  the  best  fit  parameters  from  the  two  base 


materials  (see  Figure  V.8.  and  Table  II). 

Fig.  V.IO  Triiayer  composite  T-curve  calculated  by  the  linear  strip  model  (method  89 

(2)),  in  which  both  the  surface  layer  and  the  bulk  material  contain  their 
own  closure  zone. 

Table  II,  T-curve  Best  Fit  Parameters  90 

Fig.  V.1 1  Strength  predictions  for  triiayer  composites,  using  the  linear  strips  91 

T-curve  model  (method  2)  for  a  range  of  surface  layer  thicknesses. 

Fig.  V.12  This  plot  shows  the  calculated  strength  response  for  the  predicted  94 


optimum  triiayer  composite  (solid  line).  The  linear  strip  model  predicted 
an  optimum  surface  layer  thickness  of  I70pm,  by  comparing  the  variance 
between  the  calculated  strengths  and  the  maximum  ’potential’  triiayer 
strengths  (symbols). 

170  pm  produced  the  minimum  variance. 

Fig.  V.I3  Alternative  fonnuladon  is  based  on  Solution  24.4  from  The  Stress  96 

Analysis  of  Cracks  Handbook  (Tada,  Paris.  Irwin,  1983).  The  K-lactor 
given  above  is  for  an  embedded,  penny-shaped  crack  of  radius,  a. 
lying  in  the  XY  plane,  and  subjected  to  crack  face  loading  by  the 
line  force  of  magnitude  P.  This  line  force  is  applied  norriial  to  the  crack 
plane,  at  a  radial  distance,  b,  and  is  distributed  over  an  arc  of  half-angle,  a. 

Fig.  V.14  The  microstructural  stress  intensity  contribution  is  modeled  as  an  arc-  97 

shaped  line  force  acting  on  the  crack  wake,  at  a  fixed  distance.  5,  behind 
the  crack  tip.  At  top,  this  closure  force  is  shown  for  a  crack  in  the  monolith¬ 
ic  material.  At  bottom,  the  crack  in  the  triiayer  composite  is  shown 
having  three  separate  line  force  segments. 

Fig.  V.  15  Strength  predictions  from  the  arc-forces  T-curve  model  compared  to  the  99 

experimentally  measured  strengths  in  the  two  AAT20  base  materials. 

Fig.  V.16  T-curves  corresponding  to  the  best  fit  parameters  (Table  II)  for  the  base  100 
materials,  calculated  by  the  arc-forces  model.  The  dashed  lines  represent 
the  steady  state  toughness.  T„.  These  T-curves  produced  the  strength 
predictions  shown  in  Figure  V.14. 

Fig.  V.  17  Strengths  predicted  by  the  arc-forces  T-curve  model  (solid  line)  for  the  102 

AAT20  triiayer  composites  (surface  thickness  of  104  pm),  compared 
to  the  experimentally  measured  values  (symbols  and  error  bars). 

Fig.  V.18  T-curve  for  the  triiayer  composites  defined  by  the  best  fit  parameters  103 

of  the  base  materials  (Table  II),  using  the  arc-forces  model.  The  sharp  peak 
at  259  pm  corresponds  to  the  point  at  which  the  surface  material’s  closure 
force  has  reached  the  material  interface.  Beyond  this  point,  the  surface  layer 
no  longer  contains  a  half-penny  shaped  arc  force:  rather,  it  contains  two 
separate,  symmetrical  arc  forces  which  extend  from  the  surface  down  to  the 
interface.  The.se  surface  arc-forces  become  smaller  with  increasing  crack 
length,  causing  the  composite  T-curve  to  decrease  until  the  bulk  material 
closure  force  is  activated  at  a  crack  size  of  (  t  +  6  )  =  544  pm. 

Fig.  V.  19  Strength  predictions  of  the  arc-forces  T-curve  model,  for  a  range  of  104 

surface  layer  thicknesses,  using  the  best  fit  parameters  detemiined  for 
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the  two  base  materials. 

Fig.  A1  Fracture  surface  of  a  laminated  alumina  composite,  showing  the  interface  1 14 
between  the  coarse-grained,  undoped  alumina  layer  (top),  and  the  fine¬ 
grained.  AhO,  -I-  5vol%  ZiOn  layer  (bottom).  Sample  was  sintered  in  air 
at  1675*  C.  for  30  hrs. 

Fig.  A2  Secondary  electron  (top)  and  backscattered  electron  (bottom)  micrographs  1 16 
from  different  areas  of  the  polished  cross-section  of  a  trilayer  composite, 
showing  the  interfacial  region  between  the  AAT20  bulk  (right),  and  the  AZ5 
surface  layer  (left).  The  original,  as-flred.  free  surface  is  at  the  left  edge  of 
the  image.  Note  the  reaction  zone  of  about  20  pm  width  at  the  interface, 
containing  increased  porosity  and  a  complete  absence  of  zirconia  particles. 

(The  blob  in  the  center  is  a  latex  calibration  sphere  (10.3  pm  diameter).] 

Fig.  A3  SEM  micrograph  showing  as-fired  surface  of  triiayer  composite  which  had  118 
a  surface  layer  of  (originally)  500  ppm  MgO-doped  alumina,  on  an 
AAT20  bulk. 

Fig.  A4  SEM  micrograph  showing  polished  and  thermally  etched  cro.ss-.section  of  the  118 
same  type  of  sample  shown  in  A3,  above.  500  ppm  MgO-doped  alumina 
layer  at  left:  AAT20  at  ritrht. 
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ABSTRACT 

This  research  has  been  directed  toward  the  development  of  laminated  ceramic  composites 
for  improved  strength  and  toughness  properties.  The  low  toughness  of  ceramics  is  possibly  the 
single  most  important  problem  limiting  their  use  as  structural  materials.  Over  the  last  fifteen  years 
or  so.  significant  improvements  in  the  toughness  of  ceramics  have  been  achieved,  primarily 
through  the  exploitation  of  T-curve  phenomena,  such  as  transformation  toughening  and  grain 
bridging.  A  serious  problem  with  T-curve  toughening  mechanisms,  however,  has  been  the 
reduction  in  strength  which  often  accompanies  the  improvement  in  toughness.  A  goal  is  therefore 
to  achieve  both  high  strength  and  high  toughness  in  the  same  body.  The  research  presented  here 

has  been  directed  primarily  toward  this  goal. 

A  trilayer  composite  design  was  conceived  as  a  means  to  overcome  the  tradeoff  between 
strength  and  toughness.  Tlie  design  calls  for  a  high  strength  surface  layer  of  controlled  thickness 
to  be  combined  with  a  high  toughness  buUc  material.  This  trilayer  concept  was  thoroughly  tested 
on  a  model  system  of  alumina  -i-  20  vol%  aluminum  titanate  (AAT20).  The  surface  material  was 
a  homogeneous,  fine-grained  mixture  of  the  two  phases:  while  the  bulk  was  an  inhomogeneous 
mixture  having  a  bimodal  grain  structure.  When  the  surface  layer  was  too  thick,  the  trilayer 
composite  behaved  in  the  same  manner  as  the  surface  material  alone:  and  when  the  surface  was 
too  thin,  the  composite  displayed  the  monolithic  body  material  response.  With  an  optimal  surface 
layer  thickness  of  104  pm,  this  composite  system  exhibited  the  best  strength  properties  of  the 
surface  material,  together  with  the  best  toughness  and  flaw  tolerance  properties  of  the  underlying 
bulk  material.  A  simple  approach  for  estimating  the  optimal  surface  layer  thickness  was  shown 
to  be  applicable  for  this  AAT20  system. 

In  order  to  detennine  whether  the  trilayer  concept  could  be  applied  to  materials  ot  greater 
practical  interest  (that  is.  better  strength  and  toughness  than  the  AAT20  materials),  a  second 
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composite  system  based  on  zirconia  materials  was  investigated.  For  this  trilayer  system,  a  very 
high  strength  zirconia  +  20wt%  alumina  material  was  used  tor  the  surface  layer:  and  a  high 
toughness  Ce-zirconia  material  was  used  for  the  interior.  Tliese  composites  exhibited  excellent 
indentation  strength  behavior,  demonstrating  that  the  trilayer  design  is  indeed  a  viable  processing 
strategy  for  achieving  the  ideal  of  high  strength  together  with  high  toughness.  j 

A  toughness-curve  (T-curve)  model  based  on  strips  of  constant  closure  pressure  acting  in 
the  crack  wake  was  developed  to  account  for  the  observed  strength  behavior,  in  the  AAT20 
system.  The  main  focus  of  this  modeling  effort  was  to  predict  the  trilayer  composite  T-curve  and 
strength  properties,  based  on  the  T-curves  of  the  two  base  materials.  The  base  material  T-curves 
were  characterized  by  four  adjustable  parameters;  (i)  To  -  the  intrinsic  material  resistance  to  crack 
growth:  (ii)  o,  -  a  constant  closure  pressure  acting  in  the  crack  wake:  (iii)  b  -  the  distance  from 
the  surface  at  which  a,  begins  to  act;  and  (iv)  c*  -  a  steady  state  crack  size,  at  which  the  wake 
closure  zone  has  reached  a  maximum  size,  and  beyond  which  the  zone  translates  with  the 
advancing  crack  front.  The  modeling  consisted  of  incrementally  ad  justing  these  four  parameters 
through  a  computer  program,  until  the  T-curve  was  able  to  ’predict’  the  experimentally  measured 
strength  data.  The  best  fit  T-curves  produced  good  matches  between  the  measured  and  calculated 
strengths  for  the  monolithic  base  materials.  The  best  fit  parameters  characterizing  the  base 
material  T-curves  were  then  used  to  define  the  trilayer  composite  T-curve.  The  resulting 
composite  T-curve  was  able  to  describe  the  experimentally  measured  trilayer  .strength  behavior, 
including  the  influence  of  surface  layer  thickness  on  the  strength  response 


L  INTRODDCTTOM 

This  section  presents  background  infonnation  which  wil]  allow  ihe  subsequent  discussion 
of  this  research  to  proceed  from  a  finn  foundation.  Since  the  work  pre.sented  here  deals  primarily 
with  the  strength  and  toughness  of  ceramics,  vanous  strengthening  strategies  and  toughening 
mechanisms  relevant  to  ceramic  materials  are  introduced.  This  is  followed  by  a  description  of  the 
testing  technique  employed  to  characterize  the  materials  of  this  study,  the  indentation  -  strength  - 
in  -  bending  test  (ISB).  The  fracture  mechanics  analysis  of  the  ISB  technique  is  described,  along 
with  typical  strength  and  cracking  behaviors.  This  leads  into  a  discussion  of  flaw  tolerance  and 
toughne.ss  curve  (T-curve)  behavior,  the  tradeoffs  between  strength  and  toughness  properties,  and 
the  methods  which  have  been  used  to  model  T-cuive  behavior  based  on  the  ISB  test.  Then,  a 
selection  of  research  from  the  literature,  having  particular  relevance  to  the  present  work,  will  be 
reviewed.  Finidly,  in  order  to  better  understand  the  processing  of  the  materials  of  this  work,  a 
brief  discussion  of  tape  casting  is  provided. 

Ao  Strategies  for  the  Strengthening  of  Ceramics 

Discussion  of  the  strength  of  ceramics  appropriately  begins  with  the  work  of  A.  A. 
Griffith  (1920).  Griffith  described  a  body  containing  a  crack  as  a  theniiodynamic  system,  whose 
total  energy.  L',  wa.s  simply  given  by  the  sum  of  the  mechanictil  energy  {the  elastic  energy  in  fhe 
body  minus  the  energy  ol  the  loading  system)  and  the  surface  energy  required  to  create  the  crack: 

U(c)  =  i-KcW/E)  +  4c7  (1) 

where  c  is  crack  size,  o  is  applied  stress,  E  is  Young  s  modulus,  and  y  is  surface  energy,  (and  U 
is  in  energy  per  unit  width  of  crack).  At  equilibrium.  dU(c)/dc  =  0.  or 

dU(c)/dc  =  (-2TCcr/E)  +  4y  =  O  (2) 

This  relation  may  be  solved  lor  cr  to  obtain  the  stress  level  as.sociated  with  the  equilibrium.  Any 
applied  stress  below  this  value  will  not  affect  the  crack;  but  an  inflnitessimal  increase  beyond  this 
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.stress  will  result  in  crack  extension.  Since  the  equilibrium  is  unstable  (d'U/dc-  =  -InafE  <  0),  the 

crack  will  extend  unstably,  and  run  completely  across  the  body.  Therctore.  this  critical  stress  level 
defines  the  fracture  strength,  as  given  by 


Of  =  U7c/TO)‘ 


(J) 


It  may  be  readily  seen  that  the  fracture  strength  is  dependent  on  the  crack  size.  When  the 
pre-existing  crack  is  small,  the  strength  is  high:  but  when  the  initiai  crack  size  ts  iarge,  the 
sttength  is  reduced.  This  illustrates  two  significant,  and  related,  pmblems  with  cemmics.  Fim 
ot  ail,  unles.s  a  ceramic  is  processed  such  that  it  contains  small  thaws,  its  strength  will  be  low. 
Second,  a  .single  cenunic  body  may  be  produced  with  die  necessary  small  flaw  size,  but  tor  the 
industrial  production  of  large  quantities  of  ceramic  bodies,  it  is  of  cume  not  good  enough  to 
produce  an  occasional  body  possessing  the  desired  strength  level.  Unless  the  ceramics  ate 
processed  with  a  iiairow  flaw  size  dimibutitm.  from  piece  to  piece,  they  will  display  widely 
vatying  stiengih  vidues.  Historically,  such  wide  variation  in  strength  values  has  been  a 
contributing  tactor  in  the  poor  reliability  of  ceramics,  limiting  their  use  as  strucmral  materials. 
Unreliable  strength  v.alues  require  a  designer  to  introduce  excessive  factois  of  safety,  by  either 

designing  with  larger  cncss-sections  (more  materiall,  or  reducing  the  allowable  stress  ranges. 
Neither  i.s  a  verv'  .saii.sfacrory  solution. 

To  overeoiiie  Ihe  variabilily  in  strength,  many  researeheis  have  sought  ways  to  eliminate 
the  source  of  variability,  namely  Ihe  flaws.  Strength  v.anability  is  caused  by  differences  in  the 
ilaw  ptipulation  i  ron,  batch  to  batch,  or  piece  to  piece.  Since  the  Haws  in  a  ceramic  are  often 
reiated  to  micriislriictunil  fealures  like  the  grain  size,  or  to  processing  detects  such  as  iarge  voids 
trom  binder  bunioul,  processing  rctinemenis  could  help  reduce  the  strength  variability. 
Fuilhentiore.  as  shown  in  Eq.  .1  above,  if  the  (laws  couid  be  eliminated,  or  reduced  in  size,  then 
the  fracture  strength  could  be  Increased  as  well.  Efforts  to  achieve  lully  dense,  very  fine-grained. 
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uniform  microstmctures  were  vigorously  pursued,  and  resulted  in  considerable  success  (Lange,  et. 
ai..  1983:  Alford,  el.  ai..  1987:  Lange.  1989:  Kendall,  et.  al..  19891.  Raw  elimination  Strategies  included  cold 
isosratic  pressing  of  powder  compacts  (Richenson.  1982):  hot  pressing;  hoi  i.sostatic  pressing  (Lange, 
et.  al..  1983;  Tsukuma  &  .shiinada.  1985);  control  of  grain  size  and  grain  size  distribution  using  sintering 
additives;  improvements  in  raw  materials  (finer,  more  unifonn  particle  sizes  (Coble  &  Cannon.  1978; 
Aksay.  et.  al..  1983;  Velazquez  &  Danforth.  1984),  and  higher  purities);  cleaner  processing;  use  of  colloidal 
methods  (Ak.say.  et.  al..  1983;  Aksay.  1984;  Alford,  et.  al..  1987;  Lange.  1989),  and  surface  treatments  (Gruszka, 
et.  al.  1970;  Kirchncr.  et.  al..  1971).  These  Strategies  of  Strength  improvement  (that  is.  increasing  the 
strength  level,  as  well  as  reducing  the  strength  variability)  through  flaw  elimination  dominated  the 
ceramics  field  for  many  years. 

Gradually,  researchers  began  to  realize  that  eliminating  the  initial  flaws  was  only  a  partial 
solution  lo  the  strength  problem.  Just  because  a  ceramic  piece  begins  its  life  in  a  flaw-free 
condition  does  not  tucan  that  it  will  remain  in  such  good  condition.  An  important  strategy  was 
developed  for  strengthening  ceramics,  which  was  capable  of  inhibiting  both  the  initiation  of  flaws, 
as  well  as  their  subsequent  propagation.  This  strategy  was  to  introduce  residual  compression  in 
the  surtace  region.  Residual  compression  counteracts  an  applied  tension,  eftectively  reducing  the 
applied  stress  tclt  by  the  surtace  flaws  (Marshall  and  Lawn.  1977;  Lawn  &  Fuller.  1984;  Tandon,  eL  ai,  1990), 
and  thereby  iiicre^Lsing  the  stress  required  to  extend  a  flaw  ot  given  size.  There  are  many  ways 
lo  produce  macmscopic  re.siduai  stresses,  Thennal  tempering  of  glass  is  a  well-known  example 
(Lee.  et,  ai.,  1965:  Kingery.  1976),  and  similar  theniial  treatments  have  been  applied  to  crystalline 
ceramics  (Richcrson.  i9H2).  Residual  compression  has  also  been  introduced  into  glass  surfaces  by 
ion  exchange  reactions,  whereby  smaller  ions  in  the  glass  material  are  exchanged  for  larger  ions 
by  reaction  with  a  surrounding  batii  solution  (Kistier.  1962;  c)iLO[t.  i963;  Kingcry.  1976).  Another  well- 
known  example  is  ihe  use  ot  glaze  materials  having  ditterenr  thennal  expansion  than  the  substrate 
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unden.ea,i,  .K„., 

.Mterenccs  ,„  , hernial  expansion  propenies  has  been  applied  lo  many  diffeieni  cemmic  sysiems, 
discussed  111  greamr  detail  m  pan  E  of  ihis  section.  Finally,  phase  Iranslnnnalions 
...ay  he  accompanied  hy  volume  changes,  and  if  such  a  imaslhmialion  may  he  pmfemntially 
.hduced  in  ihe  sunace  mgion,  msidual  coinpmssion  may  msult  iu..y 

in  this  manner. 

Wilh  me  lesidual  compassion  sitamgy  described  above,  iiiaierial  iiiicmsuucums  am 
unchanged,  .so  ihe  ,ough„es.s,  consldemd  as  a  mamrial  pnipeny.  is  also  nol  chmiged.  However, 
residual  tompmssion  may  be  considered  to  increase  the  apparenr  toughness  of  a  material  as  me 
crach  sixes  fora  given  applied  load  are  sniper,  aad  die  fmciure  strengm  is  higher  iCa.  ms.  s.» 

1980;  Lawn  and  Marxliall.  1977;  Gruiimser  et  al  iqbt  r 

ger.  et.  al..  1987;  Uwn  and  Fuller.  1984).  In  the  following  section. 

...ethods  of  improving  me  actual  loughness  of  a  material  wiU  he  discussed. 

B.  Toughening  Mechanisms 

Foucwing  Griinm.  invin  used  ihe  soluilons  of  We.slergaard  and  Musldhelishvlll.  ,o 
describe  me  slriiss  field  surioundlng  a  cr^h  ,lp  m  a  homogerieous.  elastic  hixly  subjected  to  an 

applied,  cxicmal  .sire.ss  (AUans&  Mai  1985- Lawn  looBa  c  .  . 

MUI.  U85.  Lawn.  199.^).  For  a  Mode  1  crack  (opening,  tension),  the 

local  sirc.ss  in  the  vicinity  of  the  mri'  tm 

y  crack  dp.  acting  m  a  direction  nomial  to  the  crack  plane  is  given 


-  K  0 


S  =  -=  cos|  [  1  ri.  sin|  Sin^  J 
v2itr  2  2  2 


'vherc  r  and  ©  specify  the  radial  and  a 


'nterc.st.  For  0  =  (),  this  reduces 


angular  distance  between  the  crack  tip  and  the 


point  of 


Oy  =  K/(2jtr)' 
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The  K  temi  is  defined  as  the  stress  intensity.  For  unifonn  tension,  dimensional  analysis  reveals 
the  form  of  K  to  be 

K.  =  (6) 

where  vj/  is  a  geonietricai  constant,  and  (J.t  is  the  remote  applied  stress  (P.nris.  1961;  Pans  and  Sih.  1965). 
K  in  Eq.  6  is  thus  the  stress  intensity  felt  by  a  crack  of  size,  c.  caused  by  the  applied  stress, 

It  may  be  seen  (Eq.  5)  that  the  local  stress  is  magnified  to  large  multiples  of  the  remote  applied 
stress,  as  r  decreases  toward  the  crack  tip  itself. 

This  stre.ss  intensity  factor  provides  an  alternative  description  to  Griffith’s  thermodynamic 
energy  balance,  as  it  also  repre.sents  a  driving  force  for  crack  growth.  The  main  appeal  of  using 
stress  intensity  factors  is  that  K  tenns  arising  from  superposed  loadings  are  additive  (for  a  given 
mode  of  loading).  Consequently,  when  more  than  one  source  of  loading  is  active,  the  various 
stress  intensity  factors  tissociated  with  each  may  be  added  together  to  define  a  net  driving  force 
for  crack  growth.  This  feature  of  stress  intensity  factors  is  particularly  useful  in  modeling  the  T- 
curve.  as  will  he  discus.sed  in  considerable  detail  in  part  D  of  this  section,  and  in  section  V. 

The  stre.ss  intensity  description  leads  to  a  new  material  property,  the  toughne.ss.  Fracture 
of  a  material  may  be  explained  to  occur  at  a  critical  value  of  .stress  intensity,  K|p.  This  is  a 
characteristic  property  of  the  material,  describing  its  resi.stance  to  crack  growth.  Griffith  defined 
a  material's  I'csisiancc  to  crack  growth  in  tenns  of  its  fracture  surface  energy.  Comparing 
Griffith’s  equation  (3),  with  Eq.  (6),  it  may  be  seen  that  K,(.  is  .simply  equal  to  (2yE)‘^.  Griffith’s 
equation  (Eq.  3)  was  derived  for  homogeneous,  isotropic,  elastic  materials  (he  u.sed  glass  in  his 
experiments).  In  such  materials,  the  only  means  of  dissipating  the  energy  of  fracture  (or,  of 
relieving  the  applied  stress  intensity)  is  through  creation  of  new  surfaces,  so  associating  Kic  with 
the  surface  energy  is  valid.  In  tougher  systems,  however,  there  will  exist  other  dissipative 
mechani.sms  (c.g.  plastic  defonnation.  phase  transfonnations.  crack  face  bridging,  etc.),  so  it  is 
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important  to  realize  that  the  material  touehnes«:  ic  ,  ;/ 

gnness  is  generally  associated  with  more  than  just  the 

surface  energy  (Lawn,  lyy?;  Henzberg.  1989). 

The  cencep.  a  ma.ehal  toegteas  auggeai,  a  diffeen,  appmach  ,o  i.„pp,vi„g 
a.P=ngd«  d.an  ^  paw  e,i.„i„a.io„  a.n..egy  deacribed  in  dae  p.evi„„a  aeePon.  Rafemng  «, 
Odfflda-a  equauon.  ,„«,ined  ,o  inclmle  .oughneas  ncher  d,an  audace  energy. 

Of  =  Kic/igc*'* 

(7) 

..  nay  nead.ly  be  acen  rbar  faernre  abengdr  can  be  increaaed  by  increaaing  m=  .„„gbneaa.  TOe 
renrainder  of  dda  .aecrton  will  diacuaa  ways  b,  i„,p,pve  the  rongbneaa  cenmica. 

Crack  Deflection. 

Tire  ainrplea,  way  rncreaae  ,Odglme.aa  ia  add  aecnml  pbaae  panrelea  dm  cenanre 
Tina  can  give  n.ae  indgbening  in  a  number  „r  waya,  depending  nn  panicle  abape.  ibennal 
expansion  uixaruaich,  claatie  miamaicb.  and  inKrtacial  lougbneaa.  The  panicles  may  force  a  crack 
.o  deflec,  away  fnin.  i,a  original  plane,  wbicb  was  nonna,  ro  dre  applied  remion.  TOa  can  have 
.wo  eflecra:  an  increase  in  crack  parh  lonuoairy,  and  iherefore  fracrure  aunace  area  and  a  change 
in  rbe  narurc  of  rhe  crack  rip  armas  Held,  decreasing  rbe  mode  l  componenc  Faber  and  Evans 
derenrnned  a  md-like  panicle  shape  ro  be  mosr  edecrive  in  de, leering  a  crack,  Thennm 
expansion  rnisiiiaich  can  eiiber  draw  a  crack  into  a  panicle  (c^  <  a..  Iioop  tension),  or  deflect  ii 
away  <a,>  a...  radial  ienaion).  depending  on  die  naiure  rrf  rbe  residual  s,re.sa  Helds  in  and  around 
.he  panicles  ,s«,w.e,  om,,.  .pe  crack  la  anracred  ro  ,be  panicle,  rougbenurg  may  ream,  if  rbe 
panicle  is  inberem.y  iougber  ,e.g.  ba.s  greamr  .surface  energy)  dran  .be  rualnx,  or  if  .be  panicle 
.»  able  .0  pin  ibe  crack,  causing  crack-bowing  be, ween  neighboring  panicles.  An  example  of 
.ougbening  via  .secram  pbuse  addiliona  was  reponed  by  M,  D.  Sruan  tor  dre  mullire  . 

alumina  sysiem,  A.s  rbe  volunre  fraction  of  rbe  iougber  almnina  phase  was  increaaed,  the 
roughness  rmd  Iraciun:  .slrengdr  of  me  composire  Incmased.  Similar  resulrs  were  reponed  by 
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French,  et.  ai.  (1992),  for  the  cubic  zirconia  +  alumina  system. 


The  examples  described  above  result  in  only  minor  improvements  in  toughness,  all 
brought  about  by  one-time  interactions  occurring  at  the  crack  tip.  After  tlie  crack  front  has  passed 
the  panicles,  tliey  no  longer  influence  crack  propagation  (a  particle  can  only  deflect  a  crack  once). 
More  substantial  improvetnents  in  toughness  can  be  achieved  through  mechanisms  which  continue 
to  operate  and  exert  their  influence  even  after  the  crack  tip  has  passed  by.  It  is  these  long-range, 
cumulative  toughening  mechanisms  which  give  rise  to  so-called  T-curve  behavior’,  in  which  a 
materials  resistance  to  crack  growth  (its  Toughness)  increases  with  crack  extension  (Mai  & 
Lawn.i98fi).  The  notion  of  a  T-curve  clearly  implies  tliat  the  material  toughness  is  not  constant, 
contrary  to  the  above  discussion  of  K,(-  in  the  context  of  the  Griffith  equation.  For  a  material  of 
non-unique  toughness,  the  concept  of  a  critical  stress  intensity  factor,  K,(:,  as  a  material  property 
is  confusing  at  best.  Therefore,  this  term  will  be  dropped,  in  favor  of  T,  the  toughness,  which 
may  or  may  not  be  constant  (Mai  and  Lawn.  1986;  Lawn.  1993.  Cootc.  4.'/.  ai.  1987).  Several  toughening 
mechani.sms  wiiich  give  rise  to  T-curve  behavior  will  now  be  discussed. 

Transformatioini  Tjsngheiniiinig, 

Transfoniiation  toughening  is  one  of  the  most  well-studied  ;uid  effective  toughening 
mechani.sms  in  ceramics  [Science  and  Technology  of  Zirconia.  Vol.'s  1  -  IV;  Garvie.  1975;  McMeeking  &  Evans. 
1982:  Green,  ei.  ai..  1989].  Nearly  ail  transfonnation  toughening  research  (in  ceramics)  has  been 
conducted  on  zirconia  materials.  In  pure  form,  zirconia  is  tetragonal  above  -1000°  C.  and 
iransfomis  to  a  monoclinic  structure  below  that  temperature  (Subarao,  i9Si).  The  transformation  is 
manensitic.  and  is  accompanied  by  a  volume  expansion  of  about  4%.  and  .shear  strain  of  about 
7%.  By  adding  sufficient  amounts  of  a  suitable  dopant  oxide  (such  as  MgO,  Y.O,.  or  CeO,),  the 
tetragonal  pha.se  may  be  retained  in  metastable  forai  at  low  temperatures.  It  is  then  possible  to 
force  the  iranstonnation  to  occur  under  the  influence  of  an  applied  stress,  especially  in  the  highly 
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near  a  ,i,  ^e  rra., resa,.  r„  ine^aa-,  r„a,..e..  ,ecaaae  .e 
acco„.pan.„,  ™,„,„e  eapa„3,„„  e.a..Hea  a  ao„e  „.■  w,.«„  ,e  „a... 

.ona,„,  a,  .e  crac.  „p.  a„a  .e„  ex,e„p.,  .=  cC  aarraces  aa  ,Pe  eraC  .raws 

.-.P  .e  aaae.  ^s  res.a.  e„,„p.ss,„„  sappPes  a  Casa.  s,.ss.  aca,  .o„.  ,Pe 

-as.  ...  .pe  ,„„.per„,  p..,.  p,  .e  .^rP„„a„„„  eaae  .pep.  op  .e 

volume  Inaction  of  transforming  phase  the  tnn.fnn«,a 

S  P  se,  rranstonnauon  sparn,  Prc  widp,  of  Pre  .naufonnaPon 

zone,  and  iPe  anneal  stress  repaired  for  tninstbnnaPon. 

P-P„a,es.  I,  ,s  ,pe  preolpl.,es  wPleP  Pa„.o„„  onder  appPed  spess.  THe  ,„os.  ao.„.„„ 

=^P.e  „f  PSZ  ases  M.O  as  ,Pe  «PP|aer.  .e  seaand  a, a.  .,e„a.a„.  ..orPa  po.a.s... 

( I ZP).  consists  entirely  (or  neariv  cn^  n.f  ►  » 

e  ragonal  grains,  and  whole  grains  transtbrm  to 

.»onaa.l„,a.  ,„^n,a.erla.s...p.a.sraPi.laersare.O,„rCeO.  .aa„™^^ 

-  P^oparranaa  of  ,e,„,a.  alraopla  parPales  .„p,  a  ararn.  „f  differ,  .nnrePal,  saaP  as 
alumina  (ihi.s  material  is  often  niipd 

irconia  toughened  alumina’,  or  ZTA) 

Microcrack  Toughening. 

A  .nerep,  ,„a.Pe„.n.  ,„eaPn,p,„,  ..ap  „,n..es  In  essenPal,  analo.aas  ...armer 

. . .  M™  p,„.pe„.„.  „.n,  nP.se  l„ 

Single  phase  niaierials  h.ivine  thenmi  favr.n,.r, 

ng  expans, on  a„,s„.r„pg, 

.  -al  exp,a..si„„  nPsn.aicP  Perweep  p.  aopsP.ep.  pp«s.  TPe  p.-exPsPng,  laaaliaed  P.e™al 

aoncen  w,P,  an  appPed  spess  u,  pradaae  nParoaraaks  Ip  p,c  Pa„pp  zone 

Ota  crack  I, p.  ^s  the  main  crack  grows  through  the  frontal  zone  rh  •  • 

irontiil  zone,  the  microcrack  cloud’ extends 

a  ong  the  walls  <,i  ,he  crack,  similar  to  a  transfonnation  zone  If  ,he  ' 

-one.  11  ihe  mtcrocracked  iiiateriaJ 
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experiences  a  dilational  strain  (and  the  microcracks  remain  open),  a  residual  compression  acts 
along  the  crack  wake,  providing  a  closure  stress  to  the  crack  tip.  Tlie  increment  of  toughening 
depends  on  the  microcrack  density,  the  width  of  the  microcracked  zone,  the  residual  strain  in  the 
wake  zone,  and  the  critical  stress  required  for  microcrack  initiation.  Little  evidence  exists  for 
microcrack  toughening  in  single  phase  ceramics  (Swanson,  ei.ai..  1987;  Lawn.  1991);  but  this  mechanism 
has  been  reported  to  operate  in  several  two-phase  materials,  such  as  alumina  containing 
unstabilized  or  metastable  zirconia  (Ruble,  ecai..  1986).  other  zirconia  -  alumina  composites  (Lutz.  et. 
ai..  1991).  a  borosilicate  glass  -  alumina  material  (Faber,  et.  ai..  1988),  and  in  SiC-TiB-,  composites 
(Mag ley  &  Faber.  1989). 

Grain  Bridgingo 

T-cun/c  behavior  can  be  induced  through  the  re.srraining  influence  of  intact  grains  bridging 
the  crack  walls.  Two  different  explanations  may  be  offered  to  account  for  grain  bridging.  One 
was  offered  by  Swain  (1986),  Vekinis,  et.  al.  (1990),  and  by  Roedei,  eL  ai.  (1992).  These  researchers 
observed  bridging  ligaments,  spanning  the  crack  faces  behind  the  crack  tip.  and  explained  the 
restraining  force  associated  with  these  bridges  on  the  basis  of  elastic  defbnnation.  The  bridges 
deformed  elaslically,  and  were  able  to  continue  supporting  a  portion  of  the  applied  load, 
effectively  reducing  the  crack  tip  loading.  The  second  explanation  describes  the  frictional  sliding 
of  bridging  grains  being  either  pulled  out  of  their  sockets  in  the  surrounding  matrix,  or  being 
siinpiy  interlocked  mechanically  across  the  crack  faces,  and  sliding  against  the  mating  surface  as 
the  crack  opens  up  (.Swanson,  el.  al..  1987;  Cook.  et.  al..  1987;  Bennison  &  Lawn.  1989).  This  frictional  sliding 
produces  ;i  closure  .sirc.s.s.  opposing  the  crack-opening  applied  .sirc.s.s  field  at  the  crack  tip.  The 
mechanics  ol  frictional  grain  bridging  will  he  considered  in  part  D  of  tliis  section. 

Grain  bridging  was  firmly  established  as  the  primary  toughening  phenomenon  occurring 
in  alumina  materials  by  Knehans  and  Steinbrech  (1982),  and  Swanson,  et.  al.  (1987).  Knehans  atid 
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Stcinbrech  dcvi.scd  an  cxperin.ent  which  dearly  de,„„„s,ra.ed  ,ha.  .he  T-eurve  „i  alun.ina  was 

dehved  fmn,  processes  occuning  in  (he  crack  wake.  They  grew  a  stable  crack,  monitored  a 

ponron  of  die  T-curve.  and  rhen  halted  the  test.  Then,  they  sawed  thmugh  the  crack  wake,  taking 

care  no,  cut  through  the  crack  tip  itself.  Upon  reloading,  dre  T-cutwe  nnmediately  reverred 

hack  to  its  inhial  level,  and  rose  again  w.u,  same  shape  as  before,  rather  than  simply 

confinurng  from  when,  it  leh  off.  Although  dris  proved  the  nnponance  of  the  crack  wake,  i,  did 

not  estabUsh  ihe  operative  toughening  mechanism,  as  mrcrocracking  is  also  a  wake-dominated 

toughening  phenomenon.  Microcracking  remained  as  a  possibility  unul  dre  /„  sim  crock  path 

observations  „1  Swan.s„n.  er.  al..  ,,9,7,  who  monitored  the  crack-rnicroshncure  interoctions 

occurring  in  the  wake  during  slow,  stable  crock  growth  in  aiun.ina.  Subsequent  in  sim  work 

conducted  by  the  NIST  group,  headed  by  B.  R.  Lawn,  and  by  the  Dorunund  group,  headed  by  R. 

Steinbrech.  on  various  tduminas  and  composites  of  alumina  plus  aluminum  tttanate.  has  esrshitsi,.,, 

unambiguously  that  the  mechanism  responsible  for  the  toughness  in  these  materials  is  groin 
bridging,  and  not  iiiicrocracking. 

The  es.seniird  fcatute  of  grain  bridging  is  frictional  sliding.  .Similar  bodging  behavior 
occurs  with  .second  plutse  panicles,  such  as  whiskero.  platelets,  or  .shon  tlbers.  Continuous  fiber 
reinforced  materials  al.so  exhibit  the  .stune  basic  behavior,  with  fibers  puUing  out  of  the  matrix  in 
the  crock  wake  and  thereby  providing  closure  stresses  to  counteroc,  the  applied  tens, on 

&  Evans.  1985;  L;iwn.  199.5). 

C  .  T-Curve  Modeling. 

The  essential  Icaturc  of  the  T-curve  mechanisms  described  above  is  the  presence  of 
clo.sure  .s,re.,.scs  acting  in  the  crack  wake.  If  these  closure  stresses  can  he  quantified,  then  a  stross 
tntenstty  factor  dcscnpiion  of  the  driving  force  for  crack  growth  may  he  defined.  In  this  nranner. 
it  is  possible  to  model  or  define  the  crack  growth  rescstance  propenies  the  rnaKrial.  its  T-curve. 
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A  stress  intensity  description  for  crack  growth  may  be  developed  in  analogous  fashion  to 
Griffith’s  energy  balance.  At  equilibrium,  the  driving  forces  for  crack  growth  are  equal  to  the 
forces  resisting  crack  growth,  that  is 

IK(c)  =  ZT(c)  (8) 

The  crack  driving  forces  will  generally  be  known,  as  they  derive  from  external  loading  (and  from 
internal  loading,  in  the  case  of  an  indentation  crack).  The  T-curve  function.  T(c).  consists  of  the 
materiars  intrinsic  resistance  to  crack  growth.  To.  which  is  independent  of  crack  size,  and  any 
other  microsiructure-associated  toughening  mechanisms.  To  repre.sents  the  resistance  to  the 
material  separation  process  occurring  at  the  tip  of  the  crack,  and  is  therefore  related  to  the  surface 
energy.  Other  toughening  mechanisms,  such  as  grain  bridging  or  transfonnation  toughening,  are 
seen  as  contributing  a  crack-growth-resisting  stress  intensity  factor  to  T(c).  rather  than  as 
modifying  To  (Mai  &  Lavyn.  1986;  Mai  &  Lawn.  1987;  Cook.  el.  at.,  1987;Lawn.  1993).  Any  SUCh  resistance 
terms  are  labeled  T^(c),  and  the  equilibrium  condition  may  be  redefined  as 

K(c)  =  To  +  T,(c)  =  T(c)  (9) 

Modeling  of  the  T-curve  thus  consists  of  specifying  T^(c).  It  should  be  noted  that  T^  =  -K^.  so 
that  in  order  lo  obtain  an  increasing  T-curve  function.  K^(c)  mast  be  either  positive  and 
decreasing,  or  negative  and  increasing.  The  mechanisms  considered  above  are  ail  examples  of 
negative  increasing  K^.  functions,  as  they  consist  of  residual  closure  (compressive)  stresses  acting 
in  the  crack  wake. 

The  T-curve  modeling  of  grain  bridging  in  aluminas  will  now  be  considered  in  some 
detail.  The  weight  ol'  experimental  evidence  indicates  that  bridging  grains  are  distributed  more 
or  lc.ss  randomly  throughout  the  wake  zone,  and  that  tlicy  provide  clo.sure  stresses  to  oppose  crack 
growth.  Tiie  crack  wake  thus  contains  a  distribution  of  discrete  closure  slrc-sses.  It  should  be 
possible  lo  simply  sum  up  the  closure  stress  intensity  contributions  from  the  individual  bridges. 
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and  .hereby  <,h.a,n  T,(e,.  The  eoluhon  becomes  unmanageable,  however,  aa  me  numbero,  bhdgea 
increases.  Theretbre,  die  discreK  bddging  forces  am  replaced  by  a  continuous  closure  stress 
dishthunon.  aedng  over  the  crack  wake.  The  shess  intensity  tactor  soluiion  for  a  (pennyshaped) 
crack  con.ain.ng  such  a  wake  zone  ts  given  by  .Ttah,  .i„  lossi  Otok. a...  i987i 

T,  -  -K,  =  (JL)  f 

cW  J  (c^-r^)'r2  ^  ^ 

Thus,  specitication  of  T,(c)  requires  knowledge  of  the  eiosure  stress  dis.ribuuon  hmciion.  o(rl. 
Such  knowledge  does  no.  exist  However,  the  expetimenud  obseralons  of  Swanson  provide 
insight  tnto  the  general  font,  of  a  closure  shess  ■  crack  opening  dispiacentent  ftinction,  ct(u).  The 
deveiopets  of  dte  bndgtng  theories  ,M.,  .„a  Uw„  cu*  n.  a,.  „»h.  b„„„„  a„u  ta.„  ,.9s„| 
therefore  elected  to  describe  T,  using  a  a(u)  function  instead,  and  (assuming  an  unperturbed  crack 
opening  displacement  profile)  made  appropriate  substitutions  into  Eq.  10  to  give 


^  -  C-^)  /  o(u)du  (II) 

file  tT(u|  htneton  for  bridging  processes  generally  rises  from  zero  at  u=0  (i.e.,  a.  the  crack  tip), 
increases  to  a  ntaxiinum,  a-,  a.  some  point  behind  the  crack  tip,  attd  then  graduaUy  decreases  to 

zero  as  the  bridges  slide  towtutl  disengagemeni  at  a  critical  half  crack-opeung  displacement,  u*. 
The  ,«  Sim  wttrk  ..Sw„w,„, «. 

large  distances  behind  the  crack  tip.  and  It  was  theretOre  assumed  that  the  sffess-separation 
lunchon  was  iaii-do . tated.  The  ct(u)  (unction  amid  ilierefore  be  described  by  a  relation  of  the 


lollowing  Ibmi; 


CT(u)  =  0*(  I  -  u/u*)" 


for  0<u<u*.  Several  values  for  die  exponent  m  were  considered,  and  evenmally  m  =  I  was 
chosen.  The  value  lor  m  influences  the  shape  of  the  decreasing  tail  of  o(u).  with  m  =  I 


representing  a  linear  decrease  in  a  with  u;  m  =  2,  a  parabolic  decline:  ;uid  in  =  0.  a  constant 
valued  closure  stress.  The  fits  provided  by  the  bridging  theory  were  not  very  sensitive  to  the 
value  of  m,  however  (Mai  and  Lawn  1987:  Cook.  ei.  al.  1987L 

This  model  was  originally  used  (Mai  and  Lawn.  1987)  to  describe  the  directly  measured 
(DCB)  T-curve  of  approximately  20  pm  grain  size  alumina,  reported  by  Swain  (1986).  Unknown 
parameters  in  the  above  equations  were  treated  as  adjustable  variables  in  computer  fitting  of 
Swain’s  experimental  toughness  curve.  Reasonable  fits  to  Swain’s  data  were  obtained.  Shortly 
afterwards.  Cook.  ei.  al  (1987),  extended  the  model  to  allow  for  the  description  of  indentation 
strength  behavior.  In  so  doing,  it  became  possible  to  extract  the  T-curve  from  the  experimentally 
measured  indentation  strength  data.  This  was  accomplished  by  incorporating  the  residual  stress 
intensity  field.  K^.  associated  with  the  indentation  zone  (Lawn.  Evans  &  Marsiiaii.  1980)  into  the  applied 
stress  intensity  factor  ol  Eq.  9.  The  equilibrium  condition  then  becomes 

Ka(c)  =  v|/a,c‘'^  +  XPe-^'^  =  To  +  T,(c)  =  T(c)  (13) 

This  equation  is  rearranged  and  solved  to  obtain  a,(c),  using  calculated  values  for  T/c)  from  Eq.s 
1 1  and  12.  and  with  To  as  an  adjustable  parameter.  The  instability  condition.  clK/dc  >  dT/dc. 
corresponds  to  the  maximum  in  the  g^(c)  function.  Thus,  the  T-curve  u.sed  in  calculating  the  q,(c) 
function  predicts  the  strength  for  any  given  indent  load  as  the  maximum  in  c,(c).  After  the 
indentation  strengths  arc  calculated  by  the  T-curve  model,  they  are  compared  to  the  experimentally 
measured  values.  Then,  the  adjustable  parameters  characterizing  the  T-curve  are  incremented,  and 
new  strengths  arc  calculated  until  a  good  match  between  predicted  and  measured  strengths  are 
obtained.  The  T-curve  which  produced  the  best  fit  to  the  strength  data  is  then  identified  as  the 
T-curve  for  the  material.  Using  this  procedure.  Cook.  et.  al..  obtained  good  fits  to  the  indentation 
strength  daia  for  a  range  of  alumina,  glass  ceratnic.  :md  barium  titanatc  materials. 

The  succc.ssful  application  of  the.se  initial  bridging  models  was  encouraging,  but  could 
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be  viewed  as  a  .sianing  point  tor  hirrher  retinemems.  The  model  was  able  to  produce  reasonable 
values  for  the  maximum  closure  stress,  a*,  the  crack  opening  displacement  con-esponding  to 
bridge  di.sengagemcnt.  u*.  the  intrinsic  toughness.  T,.  tmd  the  peak,  steady  state  roughness.  T„. 
However,  a  strong  element  of  empiricism  remained,  as  the  factors  controlling^  a-  and  u*  wero  left 
unknown.  Without  such  knowledge,  materials  processors  would  be  left  with  no  guidelines  for 
producing  optimally  toughened  ceramics.  This  issue  was  addressed  in  the  next  modification  of 
(he  T-curve  model,  by  Bennison  and  Lawn  (1989), 

Bennison  and  Lawn  explained  the  origin  and  development  of  the  bridging  stresses,  based 
on  frictional  puUout  of  the  bridging  grains  from  their  sockets  in  the  surrounding  matrix.  Bridging 
grams  were  considered  to  be  clamped  into  the  matrix  by  localized,  residual,  thermal  expansion 
mismatch  stresses.  When  a  crack  intersects  a  potential  bridge,  die  bridge  matrix  interface 
debonds,  and  as  the  crack  continues  to  grow  (crack  opening  displacement  increases),  the  debonded 
bridge  begins  to  pull  out  of  the  tnatrix.  The  clamping  stresses  lead  to  considerable  .sliding  friction 
accompanying  this  pull-out.  which  gives  rise  to  a  closure  stress.  The  Bennison-Lawn  model 
employed  the  same  basic  fomi  for  the  a(u)  function  as  the  previous  models:  the  key  difference 

was  that  their  model  went  one  step  further  by  assuming  iht  form  of  a*,  the  maximum  closure 
stress, 

a*  =  (MaRXu*/d-)(2d-//--l)  (,4) 

where  g  is  a  friction  coefficient,  a,  is  the  localized  residual  clamping  stress.  X  is  the 
circumferential  distance  aniund  the  bridge  at  the  debonding  interface,  d  is  the  bridge  spacing,  and 
/  IS  the  grain  size.  In  the  earlier  models,  o-  was  treated  as  a  simple  adjustable  parameter  in 
computer  lilting  of  the  experimental  data.  The  Bennison-Lawn  model  accounted  for  the 
microsiruciural  variables  which  control  the  closure  sire.ss  tenii.  Thus,  in  theory,  once  they 
detemiincd  the  values  of  the  controlling  microstructural  variables,  p,  a^,  and  u*.  then  the  T-curve 
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(and  strength)  could  be  delennined  as  a  function  of  gram  size,  grain  shape,  second  phase 
additions,  etc.  These  microstructural  differences  manifest  themselves  as  changes  in  the  bridging 
peak  closure  stress  term.  o*.  and/or  in  the  critical  crack  opening  for  bridge  disengagemenL  u  . 
In  the  previous  model,  these  tenns  would  have  to  be  evaluated  anew  whenever  the  microstructure 

was  altered. 

Some  obsen/ations  on  the  influence  of  microstructure  on  the  closure  stress  are  in  order. 
Close  examination  of  Eq.s  12  and  14  indicates  that  the  peak  closure  stress  does  not  change  with 
grain  size  (A,  =  4/  for  idealized  grain  of  square  cross-section:  and  u*  <=<:  /.  see  Bennison  and  Lawn. 
1989).  The  critical  crack  opening  required  for  bridge  disengagement,  u*.  does  change.  Thus,  for 
increasing  grain  sizes,  the  bridging  closure  field  is  seen  to  operate  over  larger  distances  behind 
the  crack  tip,  resulting  in  enhanced  toughness  for  larger  grain  sizes.  The  peak  closure  stress  does 
change  with  grain  shape,  however,  increasing  in  magnitude  as  the  grain  aspect  ratio  increases. 
The  a*  also  increases  with  friction  coefficient,  p.  and  with  the  residual  clamping  stress.  Or.  This 
last  temi  is  controlled  by  thetmal  expansion  mismatch,  and  can  therefore  be  altered  through 
processing.  For  example,  by  adding  appropriate  second  phase  additions,  the  internal  residual 
thermal  expansion  mismatch  stresses  can  be  controlled.  This  explains  the  rationale  behind  adding 
aluminum  titanatc  (l<unyaii<S:  Bennison.  1991;  Padture.  1991;  Russo,  cl.  al..  19921,  mullite  (.Siuan.  1991;  Khan, 
unpublished),  or  various  grain  boundary  glass  phases  tPadmre.  1992)  to  alumina.  Clearly,  the  model 
of  Bennison  and  Lawn  provides  the  processing  engineer  with  valuable  guidelines  for  improving 
strength  and  toughnc.ss. 

D.  The  Indentatitm-Slrength-in-Bending  Test  (ISB), 

There  arc  tnany  ways  to  characterize  strength  and  toughness.  The  indentation  strength  test 
provides  a  means  to  characterize  both,  has  many  advantages  over  other  techniques,  and  was 
consequently  used  to  evaluate  the  materials  of  this  work.  With  tlte  ISB  test,  the  location,  size  and 
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shape  of  ,he  fmcure-prodocmg  flaw  are  conmslled  by  indenting  die  ecnier  of  the  proapechve 
lensife  surface  whh  a  Vickers  diamond  indenier.  By  varying  die  indeniauon  load,  a  wide  range 
of  staning  crack  sires  can  be  produced.  Subsequeni  bend  tesling  ■  .1  or  4  poini  bend  bars,  or 
biaxial  llexum  disks  ■  provides  strength  data  as  a  function  of  the  indent  load  (or,  initial  crack 
size).  By  essentially  providing  sdength  os  a  fttnction  of  crack  size,  the  two  main  vohables 
required  to  describe  stmss  intensity,  the  ISB  test  may  be  used  to  detemtine  T-cutve  properties. 
First  consider  the  cracking  behavior  produced  by  the  Vickers  mdenter,  ITte  possible 
cracking  porteros-  which  may  evolve  during  or  otter  indentaUon  ore  iUustrated  in  Figure  1,1 
coo.  OOO  pusn.  ttrxit.  Although  it  is  usuoily  assumed  that  the  Vickers  tlaw  has-  half-penny  shape 
ii.=.,  settii-ctrcular).  Fig  1. 1  indicates  dial  the  true  crack  shape  ts  not  always  so  sunple.  The  actual 
shape,  and  the  ,sequence  of  crack  gtowd.  during  the  indentation  loading-unloading  cycle  vahes 
taut  material  it,  tttatehtd,  and  are  largely  dependent  on  the  rario  of  Young  s  modulus  to  hanhmss, 

E/H.  Neverdteless,  the  half-penny  shape  has  been  ussunted  tor  this  rosearch,  and  the  meehonics 
ot  this  flaw  system  will  now  be  discussedo 

Tlte  driving  force  for  holf-pemty  crack  growdt  arises  from  the  elosttc-plasdc  mismatch 
strain  between  the  plastic  defonnadon  zone  under  the  indent  impression  and  the  sunounding  bulk 
of  elastic  material.  The  volume  of  material  displaced  by  the  hardness  tmptesston  is 
tuxonumxtaied  by  plastic  delbmiadon  in  a  zone  underneath  the  impression,  which  is  resisted  by 
the  elastic  bulk.  The  i, mentation  system  may  therelote  be  modelled  as  on  expandmg  cavity, 
having  as  ihc  key  fcatum  a  residual  tensile  siress  Held  surrounding  dte  mdent.  distributed  os  a 
hoop  .stress  which  decrcttses  in  magnitude  with  (disttmce  from  the  indenti Half-penny  cracks 
nucleated  In  Ihis  ne.sidual  stress  held  ate  driven  by  the  residual  siross  intensity  factor,  given  by 

K.  =  xFc-'» 

Where  x  is  a  consunm  p  is  .ndentation  load,  mtd  c  is  the  in, rial  crack  size  produced 
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by  me  ,„a.  P,  under  exre.m  loading,  aa  ,n  a  ,.„„gdr  ,ea,,  me  res.dum  Held  la 

eugnienled  by  mo  appi.ed  Held,  producng  a  ne.  applied  a.m,aa  ,nmn.,„y  laclor  ,or  cracg  grnwm. 

LT 


Ka  -  +  K,  =  v}/a,c‘'-  +  xPc''"-  ^ 

As  mentioned  ,n  ,he  previous  section,  the  cntck  is  in  equ.iibriuiit  when  K  ,  =  T(c).  For  a  inaterial 
ol  conalanl  lougbneaa,  T„  (I.e.,  T,  =  O).  msubllliy  (fracture)  occnre  when  dK,/dc  >  dTfcVdc  =  0. 
This  insrablllty  relanon  may  be  solved  for  c  ,o  obtatn  the  crack  .size  at  fracture,  by  substtiuting 
me  applied  sires,  at  ec,ullibrtui„  Ihr  a.  (i.e..  set  Eq.  I  (,  equal  to  T..  solve  for  oj.  This  opereiion 
deinoifsirales  ihal  Ibe  crack  size  at  fracture  Is  -2.., 2  Imres  as  large  as  me  Inl.ial  crack  size 
indicating  mat  the  residual  field  of  me  Indeniauon  ezens  a  s,nh,„.-,„g  influence  on  crack  growm 
(posilive  decreihingf.  Thai  linm  crack  size  may  men  he  subsiituied  for  c  in  the  equdibrium 
equation  (set  K,  =  T.).  i„  solve  for  me  fracture  stress: 


ai=(3/4i|r)(T„)"(4xPr''’ 

This  gives  me  ofiei,  slated  P-  depei^ence  of  slrengm  formalenais  having  a  constant  toughness. 

. . .  big  o,  vs.  log  P,  such  mat  a  const™ 

mtighness  malehal  wil,  czhibil  a  linearly  decreasing  slrengih  response,  with  slope  -1/3.  lor 
increasing  indeni  loads. 

There  arc  Iwo  coinniomy  observed  departures  Imii.  the  linear  -lAT  slrengm  response  The 

nrsl  appeam  as  a  I, aliening  out  of  ihe  curve  at  smaU  P,  lending  toward  an  upper  plateau  of  nearly 

constiinr  strength.  This  is  temied  'flaw  rolerancp'  thr.  o.- 

naw  tolerance  .  as  the  strength  in  this  region  is  independent 

of  the  starting  indentation  flaw  .size  Flaw  rfTipnnr-o  i- 

size.  Haw  tolerance  is  indicative  of  a  non-unique  toughness,  i.e. 

T-curve  behavior.  The  sinmger  the  T-curve.  the  llalier  me  slrengm  response  becomes.  This 

behavior  will  he  csplorcd  in  greater  detail  in  me  T-cu^c  modeling  section  (Section  V).  For  now 

i.  Should  Simply  he  noted  that  me  indentation  slrengm  rest  provides  a  means  of  qum.tadvely 
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assessing  T-curve  behavior. 


The  second  deviation  from  the  strength  response  occurs  in  the  large  P  region,  and  is 
caused  by  lateral  cracking  (Fig.  1.1).  Lateral  cracking  reduces  the  driving  force  for  half-penny 
crack  growth  during  indentation,  resulting  in  smaller  indentation  crack  sizes,  and  ultimately 
leading  to  inflated  strength  values  (compared  to  what  would  be  expected  in  the  absence  of  lateral 
cracking).  Cook  has  described  the  effect  of  lateral  cracking  as  a  reduction  in  the  x  term  of  Eq. 
15,  as  follows: 

X  =  %o/(1+P/Pl)  (18) 

where  X(,  is  the  unmodified  x  lenn  (obtained  in  absence  of  lateral  cracking),  and  Pl  is  the  indent 
load  ‘characterizing  the  oasct  of  the  reduction  in  the  residual  field  by  the  lateral  crack  influence’ 
(Cook.  ct.  ai.  1990).  Lateral  crack  development.  Lj,,  may  be  evaluated  empirically  using  the  relation. 

Lo  =  (2V+R)/12  (19) 

where  V  is  the  number  of  Vickers  indent  quadrants  containing  lateral  cracks,  and  R  is  the  nmnber 
of  lateral  crack  chips  removed.  Thus,  an  indent  containing  lateral  cracks  in  each  quadrant,  but 
no  chips  removed,  has  an  L[)  =  0.67.  Cook.  et.  ai..  estimated  that  the  lateral  crack  influence 
becomes  significant  when  L[, )  -67%.  and  when  P/Pl  =0.01.  and  therefore  suggested  that  Pl  may 
he  estimated  by  Pl  =  100xP(at  which  L^  =  0.67).  Their  data  may  actually  suggest  a  relation 
closer  to  Pl=  10  or  20  limes  the  load  for  Lj,  =  0.67,  however.  The  Pl  teoii  may  alternately  be 
estimated  by  fitting  the  indentation  crack  length  data  to  the  relations  (Cook.  et.  ai.  1990) 

Co  =  Cl{  (P/Pl)/(  i  +P/Pl)  ]-"  (20) 

Cl  =  (XoPi/To)-'-'  (21) 

The  priniary  significance  of  lateral  cracking  is  that  it  produces  artificially  inflated 
strengths,  and  may  therefore  lead  to  inflated  toughness  values.  If  T-curve  modeling  is  to  be 
attempted  ba.scd  on  indentation  strength  data,  the  lateral  cracking  influence  must  be  assessed  and 
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incoTwratcd  inlo  u.e  facmre  mechanics  fonnulaiion,  via  Eq.  |8  above. 

E.  Li.era.„re  Review:  Lamina, ed  Composi.es  and  „.her  Lavered  Micros, rncnres. 

Id  me  ,a,e  iOdO's,  Pan,  On.ha.,  mrd  Gordon  Gross  of  Midwes.  Research 

.nshone  obsemed  dha.  ,he  fmcam  enerR,  of  .nmina  fncrcnsed  wi,h  increann^  smd.  s,re.  and 
need  ma.  such  .  ohservadon  ran  connfer  ,o  co„ve„.ionai  w,sd„,„.  „  ..q  Rener.,  been 
accepfed  d.a,  ,he  .„mn,am  of  aiamina.  indeed  ad  bdfde  cemmics,  decrensed  as  dre  gmin  sire 
,ncreased.  Since  s,mnR,h  and  .onghness  are  reiamd.  d,e  fteqnenUy  observed  simogdr-grain  size 

relation  could  be  explained  in  either  of  two  ways-  (1)  the  str^narh 

y  •  (  1  the  strength  was  greater  for  fine-grained 

maleriais  because  ,h=y  had  inhemndy  smaller  Haws:  or  ,2)  d,e  snenmh  of  ,he  r 

ia;;  me  strength  of  the  hne-grained  material 

was  greater  because  ii  had  a  higher  toughness  The  tlrvf  r.v  i 

first  explanauon  was  universally  accepted 

as  no  one  believed  ibem  was  imy  difference  in  roughness  assoeiamd  wi,h  differences  in  d.e  gmrn 

o,  bmde  ,„amhai.s.  G„.had  and  Gmss  wem  dre  dm.  m  mcognise  ,ha.  drere  was  in  fac,  a 

difference  in  toughness  associated  with  differences  in  cFnin  c-  u 

nt.es  in  gram  size,  but  that  the  difference  was  the 

exact  opposite  of  the  view  presented  above.  They  exnlained  thf*  riiff 

ey  explained  the  difference  in  toughness  on  the 

marked  diffen^nce  in  the  fracture  paths.  Fine  grained  alumina  was  obsen^ed  to  exhibit 

a  much  greamr  arnoun,  of  imergranular  fraemre  ,han  inmsgranular,  and  dm  amount  of 

■ransgranular  fmeum  increased  with  ,he  grain  size.  To  Gumh^  and  Cmss.  dre  coame-gmined 

aiunnna  was  rougher  si, „p,y  because  i,  fomed  d.e  cmch  pmpagare  .hrnugh  dre  gmins  mdrer  d.an 

along  ,he  grain  bouralanes,  which  wem  inhemndy  weaher  due  .o  d.e  inevimbie  pmsen.  of  gram 

.ounda^  nnpunnes  used  a,  si„,=dng  aids.  Mdrough  ,heir  ac.un.ing  of  dre  masons  behind  d.e 

Observed  mughncss-gnnn  .s,ze  reiadon  fads  clearly  sbon  of  ioday  s  genemdy  accepted  view  (grain 

bndgmg,  wim  cmch  wide  cffecs  and  T-curve  behavior,,  diese  reseamhem  nevenheiess  undersmod 

Iba,  iheir  drscovc^  couid  he  expioired  rhnmgh  mredigen,  micms.mc.und  design.  They  suggested 

Iba.  a  hne/coarse  s.mcium  migh,  m.su,.  in  ■„p.i,num  sirengih-.  ^  „„a-grai„ed  surface  mgioh 
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wouid  reduce  the  critical  Haw  size  in  the  highly  stressed  suitace,  which  would  provide  increased 
resistance  to  initiation  ol  crack  growth;  and  the  coarser  interior  would  then  provide  increased 
resistance  to  propagation  of  the  crack. 

It  should  be  noted  that  Gutshall  and  Gross  made  no  mention  of  crack  wake  effects  or  T- 
curve  behavior,  nor  did  they  discuss  the  possible  effects  ol  stable  vs.  unstable  crack  growth. 
Importantly,  they  also  did  not  discuss  any  need  to  control  the  thickness  of  the  fine-grained  surface 
region. 

Following  Gutshall  and  Gross,  Mistier  (1973)  produced  tape-cast,  trilayer  alumina  materials 
having  a  fine-grained  surface  layer  and  a  coarser  interior.  Tlie  grain  sizes  were  controlled  by 
addition  ol  impurities.  The  surface  material  employed  any  one  of  several  grain  growth  inhibitors 
(e.g.,  talc,  or  MgO),  while  the  interior  material  contained  a  grain  growth  enhancer  (e.g.,  MnO,  or 
TiO^).  Composites  processed  in  this  manner  possessed  a  surface  region  having  about  one  half  the 
grain  size  of  the  interior  material,  but  the  actu^  grain  sizes  were  very  small.  Average  surface 
grain  sizes  were  0.78  pm,  and  average  interior  grain  sizes  wero  1.48  pm.  The  strength  of  these 
composites  (—119  ksi)  were  compared  to  the  monolithic  base  materials,  and  the  composites  were 
found  10  have  sircngihs  -20%  greater  than  the  surface  material  (100  ksi),  and  -65%  greater  than 
the  interior  material  (72  ksi).  Mistier  concluded  that  he  had  successfully  exploited  the  ’Gutshall- 
Gross  mechanism’,  and  roceived  a  patent  for  his  efforts  (1972), 

There  are  three  important  points  that  should  be  made  concerning  Mistier’s  work.  First,  like 
Gutshall  and  Gross,  Mistier  did  not  address  the  question  of  the  necessary  thickness  of  the  surface 
material.  The  surlacc  layer  thickness  in  his  composites  was  about  127pm,  but  no  rationale  for  that 
value  was  pR)vided.  Second,  he  explained  the  improvement  in  ihe  composite  strength  on  the  basis 
ol  ihe  grain  size  ditlcrence  between  surface  and  bulk.  As  mentioned  above,  that  grain  size 
difference  was  rather  small.  Although  he  did  mention  the  possibility  that  the  improved  strength 
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coal.  .av=  .ee„  caase.  by  a  di.fe.nce  ^enna,  expanaaon  be, weep  .surface  and  b^fc  Csuffing 
,n  residual  c„„.presslon  ,n  ,h=  surface),  dds  explanafion  was  clearly  frivep  less  credence  dfan  die 
siae  dllference.  However,  diemial  expansion  ,n.s,.,a,cb  .sfresses  .caused  by  die  concennaflon 
differences  beiween  .surface  and  inferior  inaKrials)  .seem  much  more  likely  lo  explain  Misder's 
gdi  behavior,  to  this  author,  than  a  diffetence  in  strength  (or  toughness)  between 
a  and  1.48  pm  alumina.  Indeed,  Gulshall  and  Gross  reported  toughness  differences 
for  aluminas  of  different  grain  sizes,  but  they  tested  a  much  wider  mnge  of  gmin  sizes  ,10  pm 

30  pm,  and  4,s  p„„.  MisUer  noted  that  mere  did  no.  appear  to  be  a  good  explanation  tbr  die 

increase  in  strengdi-  of  the  compostte.  compared  to  me  moiiolidilc  surface  matehal.  This  was 

true,  filers  wns  no  renson  to  exnppf  th/a  u- 

expect  the  strength  of  hts  composite  to  be  gr,a,er  dian  mat  of  iui  base 

materials,  ,,,,/exr  resMm,  afresses  were  preae,,,.  ,f  1.  ,„ay  be  assumed  that  dm  strength  of 

Misder-s  fine-grained  materials  was  conholled  by  natural  daws,  which  would  be  of  about  die 

aahie  size  as  the  gmins.  then  „  is  cenainly  reasonable  to  conclude  dun  such  small  flaws  would 

never  enter  me  undedying  bulk  maredal  pdor  to  catastniphic.  unstable  fmeture.  fherefbre.  the 

coareeness  of  the  huUt  uiaterim  would  not  he  expected  influence  me  strengm  propemes  of  me 
coinpo.sife  in  any  way. 

Misdcr  s  wodc  Should  more  propedy  be  Cassiiied  as  a  re.sidual  surface  strengmening 
chnique.  There  .ire  many  ways  to  in, pan  a  layer  of  co,i.pre,s.sive  residual  stress  to  a  material’s 
surtaoi.  Which  would  then  countemc,  an  applied  tensile  s,re.ss,  mereby  luipniving  me  sfrengm  and 

Oamageresistanceof  the  material.  Throughou.  me  1960’s  and  I970’s.  Kirchner,  „.  of.,  examined 

ways  ,0  phiduce  .alumina  ...atedms  having  a  layer  of  residual  sudace  compression.  They 
-cesshilly  uiipnivcd  the  flexurd  strengm  of  alumina  by  .mowing  solid  .soludot,  dopants  (nombly 
CriO.)  ,0  diflh.se  into  the  .sudace  during  a  high  temperature  arnieal.  When  a  solid  solution  has 
a  lower  therinal  expansion  than  me  umnodified  interior,  the  .sudace  region  will  be  led  in  a  state 
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of  residual  compression  upon  cooling.  (Observe  that  this  technique  is  quite  similar,  in  effect,  to 
Mistler's.  although  the  procesing  routes  were  different.) 

In  similar  fashion,  Kirchner,  et.  al.  (I97t).  modified  the  surface  region  of  alumina  through 
high  temperature  reactions  with  packing  powders,  to  fbnii  second  phase  particles  of  lower  thermal 
expansion  (such  as  muilite,  or  various  calcium  aluininates).  In  addition  to  the  lower  thermal 
expansion,  these  second  phases  experienced  substantial  volume  expansion  upon  formation,  which 
could  have  further  enhanced  the  residual  compression,  provided  those  stresses  were  not  relaxed 
by  plastic  defonnation  before  cooling.  Both  techniques  were  able  to  increase  the  strength  of  the 
alumina,  anywhere  from  14%  to  about  65%. 

Kirchner  and  Mistier  both  measured  the  flexure  strengths  of  unindented  bars,  and  therefore 

their  knowledge  of  llic  strength  response  was  liminted  to  a  narrow  range  of  (small)  flaw  sizes. 

This  made  it  more  difficult  for  them  to  assess  the  effect  of  the  surface  layer  on  strength  and 

toughness.  Indentation  strength  testing  provides  a  means  for  separating  the  effects  of  residual 

surface  stresses  from  the  'Gutshall-Gross  mechanism'.  Of  course,  the  indentation  strength  method 

had  not  yet  been  developed,  but  the  main  point  is  that  their  incomplete  knowledge  of  strength 

properties  prevented  them  from  fimily  establishing  a  mechanism  for  the  observed  behaviors,  and 

frotn  deteniiining  ati  optimum  tliickness  for  the  surface  layer.  Kirchner  recognized  this,  stating, 

a  rational  ba.si.s  lor  determining  the  optimum  thickness  of  compre.s.s’ive  surface  layers  is 
not  avaiLable  at  present.  It  is  clear  however  that  the  compressive  surface  layers  should 
be  thicker  than  the  flaws  expected  from  abrasion....  On  the  other  hand,  the  compressive 
surface  layers  should  not  be  so  thick  that  they  result  in  substantial  tensile  stresses  in  the 
core. 

Thi.s  .siaiemeni  rcpre.scnicd  the  extent  of  concern  over  .surface  layer  thickticss.  and  it  indicates  that 
they  were  not  coasidering  the  possibility  of  stable  crack  growth,  assuming  instead  that  ail  fractures 
were  ol  the  classical  Grilfith  character  -  unstable,  with  cracks  failing  spontaneously  from  their 
initial  configurations.  It  is  now  recognized  that  an  abrasion  flaw  only  represents  an  initial  size. 
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and  that  strength  is  not  necessnriiv  ^ 

ecessan,,  dependen,  up„„  ,,,, 

be  expected  to  significantly  influence  rhe  n  ^ 
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me  depth  of  te  compretretve  zone  which  can  be  produced. 

In  recent  years.  Virkar  &  Cutler  et  al  tv  i. 

uuer.  et.  at.,  (Virkar.  eL  al..  1987;  Cutler  et  al  1987.  ir 
I  ,  ■  ■  ^  ^  ^nsen.  et.  al..  1988)  have 

developed  trilayer  composites  which  take  advanr^a  r  • 
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behavior  as  a  tiincnon  ot  tiiickness  showed  an  unexpected  trend.  Strengths  increased  with 
increasing  surface  layer  thickness.  Since  residual  compression  decreased  with  increasing 
thickness,  the  results  were  unexpected  and  surprising.  This  was  explained  on  the  basis  of  the 
bending  stress  profile.  Fractography  revealed  the  presence  of  gross  voids  in  the  bulk  material, 
Irom  processing.  Fracture  was  seen  to  originate  from  these  Haws,  which  were  located  far  enough 
away  troni  the  surface  so  that  the  measured  strength  was  effectively  increased  over  that  of  the 
monolithic  bulk  material.  As  surface  layer  thickness  increased,  these  flaws  were  pushed  further 
in  toward  the  neutral  axis,  resulting  in  ftirther  increases  in  the  measured  strengths.  In  subsequent 
work,  they  were  able  to  improve  the  processing  to  produce  surface  material  -  controlled  fractures, 
which  lead  to  the  expected  strength-thickness  trends  (i.e..  composite  strength  increasing  as  layer 
thickness  decreased,  and  residual  compression  increased). 

Virkar  s  group  also  examined  the  indentation  strength  response  of  these  materials.  The 
composites  maintained  their  strength  improvement  compared  to  the  base  materials  ail  the  way  out 
to  P  =  1000  N,  which  was  the  largest  load  tested.  In  addition,  the  composite  displayed  a  relatively 
flat  indentation  strength  response,  indicative  of  significant  flaw  tolerance.  This  flaw  tolerance  was 
a  direct  rcsul!  ol  the  compressive  stress,  which  caused  ihe  indentation  crack  sizes  to  be  much 
smaller  rhdUi  ihcy  would  have  been  in  the  absence  of  the  residual  stress.  The  residual  compression 
also  counieracied  the  applied  stress,  resulting  in  an  increase  in  apparent  toughness.  A  compressive 
surface  layer  iinpans  flaw  tolerance  by  providing  a  stabilizing  influence  on  crack  growth. 

Virkar,  er.  a/.,  also  measured  the  strength  as  a  function  of  temperature,  and  found  that  the 
composites  maintained  Iheir  strength  advantage  at  temperatures  as  high  as  750°C.  (Beyond  that, 
the  strength  rapidly  decreased,  due  to  reverse  transformation  of  the  monoclinic  zirconia  back  to 
tetragonal.)  This  was  seen  as  an  encouraging  result,  and  they  proposed  their  composite  strategy 
as  a  high  temperature  strengthening  mechanism.  Residual  compression  introduced  by  their 
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lechnique  is  more  iheniially  stable  than  compression  resulting  trom  thennal  expansion  mismatch 
(as  m  Kirchner  s  work),  because  the  mismatch  stresses  decrease  as  temperature  increases. 
Simtlarly,  gnnding-induced  residual  compression  can  be  relieved  at  high  temperature. 

F.  Tape  Casting 

Tape  casting  is  a  processing  method  in  which  a  wet  slurry  is  cast  onto  a  tlat  sheet  and 
made  to  pass  underneath  a  doctor  blade  in  order  to  control  the  thickness.  Through  tape  casting, 
it  is  possible  to  create  large  areas  of  thin  ceramic  sheets,  having  well  controlled  thickness  and 
surface  roughness.  The  slurry  consists  of  the  ceramic  powder,  suspended  in  a  solution  of  solvents, 
polymer  binders.  pla.slicizers.  and  dispersants.  After  casting,  the  .solvents  evaporate,  leaving 
behind  a  powder  compact  which  is  held  together  by  the  polymer  binder.  What  follows  is  a  brief 
explanation  of  the  roles  of  the  various  slurry  constituents,  and  a  discussion  of  casting  variables 
or  problems  having  panicular  relevance  to  this  research. 

The  .solvents  may  be  either  organic  or  aqueous,  although  use  of  organic  solvents  is  more 
common.  The  solvent  simply  provides  a  vehicle  for  mixing  and  dispersing  the  other  constituents. 

Thus,  the  binder,  plasticizer,  and  dispersant  must  be  soluble  in  the  solvent,  but  the  solvent  should 
not  react  with  the  powder  (Ro.isen.  1988). 

The  binder  is  u.sed  to  hold  the  dried  tape  together,  and  must  provide  enough  strength  and 
llexibihty  to  allow  easy  handling  of  the  green  tape.  In  addition,  the  binder  should  have  a  low 
glass  transition  temperature,  to  allow  ease  of  lamination.  The  amount  of  binder  is  important;  as 
little  as  possible  should  be  u.sed.  In  the  rape  casting  literature  (or.  the  paints  literature)  the  concept 
of  a  critical  powder  volume  concentration,  CPVC  is  de.scrihed  tPai.on.  1979:  Roo.sen.  1988:  Casteiis.  et. 
at..  1983:  Iherwagon.  1972;  Hcgedu.s  S:  Eng.  1988).  The  CPVC  is  the  powder  volume  fraction  (volume  of 
powder/  total  volume  of  non-volatiles)  at  which  the  binder  Just  fills  the  voids  between  the  packed 
powder  particles.  11  the  tape  contains  less  powder  (or.  more  binder)  than  the  CPVC,  there  will 
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be  excess  binder  between  the  powder  particles.  That  excess  binder  bums  out  upon  firing,  leaving 
behind  void  space  and  resulting  in  a  decreased  green  density.  If,  however,  the  tape  contains  more 
powder  (or,  less  binder)  than  the  CPVC,  there  will  not  be  enough  binder  to  fill  the  voids  between 
the  particles,  and  the  green  strength  will  decrease. 

The  plasticizer  increases  the  flexibility  of  the  binder,  and  thereby,  of  the  green  tape  as 
well.  It  may  also  aid  in  dispersion  of  the  powders.  The  dispersants  prevent  the  powder  particles 
from  agglomerating  in  the  sluny,  and  are  therefore  of  critical  importance  in  producing  a 
homogeneous,  well  mixed  slurry. 

Three  of  the  many  potential  problems  which  can  occur  in  tape  casting  have  special 
relevance  to  this  research:  Benard  ceils,  preferential  settling,  and  agglomeration.  Benard  cells  are 
a  pattern  ot  circular  or  hexagonal  cells  which  may  toon  on  the  surface  of  a  drying  tape  (Patton, 
1979;  Nylen  ^  Sunderiand.  1965;  Van  Loo,  1956).  The  cell  Structure  arises  iTOIll  VOttex  flow  of  the  SOivent 
during  evaporation,  caused  by  localized  variations  in  surface  tension.  Since  the  ceramic  particies 
are  swept  along  in  the  vortex  currents,  this  vortex  flow  changes  the  distribution  of  the  ceramic 
particles  during  drying,  leading  to  inhomogeneities  in  the  dried  tape.  These  cells  remain  after 
sintering,  and  therefore  may  affect  the  final  raicrostructure  of  the  body.  Figure  1.2  shows  Benard 
cells  in  .some  of  the  initial  tapes  produced  for  this  project.  In  the  fired  microstructure,  the 
inhomogeneity  a.ssociated  with  Benard  cells  may  show  up  as  pockets  of  partially  sintered  powder 
aligned  along  the  original  layer  interfaces,  as  seen  in  Figure  1.2.  If  the  condition  of  these 
interlaces  is  poor  enough,  substantial  amounts  ot  deiamination  may  occur  during  fracture, 
potentially  giving  rise  to  increased  toughness  (Cleg^,  i99(j)  more  likely,  leading  to  reduced 
strength  (M.  D.  Siuan,  unpublished  work). 

Pretcrcniial  settling  is  a  phenomenon  which  may  occur  in  drying  tapes  containing  more 
than  one  kind  ol  powder.  II  Uiere  are  size  or  density  dillcrenccs  between  ilic  powders,  one  species 
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may  scitlc  more  lowarci  the  bottom  of  the  tape.  Figure  U  shows  preferential  settling  of  zirconia 
in  an  AhO,  +  12  vol%  ZrO,  multilayered  body.  Such  gross  macroscopic  inhomogeneity  is 
generally  avoided  (tUthough  it  could  conceivably  be  exploited  to  produce  unusual  microstmetures). 

Agglomeration  is  simply  the  clumping  together  of  particles  in  the  sluny.  If  uniform, 
homogeneous  microstructures  are  desired,  agglomerates  must  be  eliminated.  According  to 
Tonney.  dispersion  ol  a  powder  in  liquid  occurs  in  three  stages.  Firet.  the  liquid  wets  the  panicle 
surfaces.  Second,  in  order  to  achieve  complete  welting,  mechanical  breakdown  of  agglomerates 
is  required  (usually  accomplished  by  ball  milling).  Finally,  continued,  stable  dispersion  of  the 
powder  requires  repulsive  forces  between  the  parhcle.s.  otherwise  they  will  constantly  re¬ 
agglomerate.  Providing  those  repulsive  forces  is  the  function  of  the  dispersant,  and  the  forces  may 
anse  from  cither  of  two  mechanisms.  In  polar  .solvents,  the  disper^•ant  nonnaUy  woilcs  by 
electrostatic  repulsion,  involving  charged  layers  of  adsorbed  ions  (Lew.s.  1961;  Mysek.  i959;  Tadros. 
1984;  .Saio  &  Ruch.  i9«);  Reed.  1988).  A  different  mechanism  is  required  for  nonpolar  solvents, 
however,  and  dispersion  in  these  systems  is  achieved  through  ’steric  hindrance’  (Lewis.  i96i;  Tonney. 
1984;  Napper.  1977;  .Saio  &  Ruch.  1980;  Tadros.  1984).  This  requires  the  adsorption  of  long  chain  polymers 
onto  the  powder  surfaces,  which  prevent  the  panicles  from  approaching  too  closely.  When  two 
panicles  do  appni.ich  each  other,  interpenetration  and  compre.s.sion  of  the  ad.sorbed  polymer  chains 
can  occur,  resulting  in  ’a  loss  of  contigurational  entropy  per  adsorbed  molecule,  and  a 
corresponding  increase  in  the  free  energy  of  the  system,  wliich  leads  lo  a  steric  (enttopic) 
repulsion-  (T.,nncy.  1984).  If.  however,  a  non-unifonn.  heterogeneous  microstructure  is  desired,  then 
the  tape  casting  operation  is  made  much  easier,  simply  by  allowing  die  particles  to  agglomerate. 
Producing  heterogeneous  microstructures  in  this  manner  has  .some  advantages  over  the  method  of 
Padture  (1991),  Stuait  (i99i).  and  Claussen.  No  pre-mixing  of  powders  is  required,  and  there  is 
no  need  lo  u.sc  spray-dried  agglomerates. 
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IL  STATEMENT  OF  PURPOSE 


The  previous  secuon  described  various  strategies  for  improving  strength  and  toughness 
properties.  In  ceramics,  high  strength  is  not  uncommonly  observed  (Lange.  i982;Richerson,  1982. 1992; 
Tsukuina,  et.  al..  1985;  Chantikui,  eL  ai.  1990.  Science  and  Technology  of  Zirconia.  Vol.'s  I-IV;  Cook  Sl  Pharr.  1992^ 
Lawn,  1993),  provided  the  inherent  flaws  are  not  too  large.  The  main  problem  to  be  overcome  in 
order  for  ceramics  to  be  used  in  structural  applications  is  low  roughne.ss.  Some  improvements  in 
toughness  have  been  reported  for  ceramics,  most  notably  in  the  areas  of  transformation  toughening 

(Science  and  Technology  of  Zirconia,  Vol.’s  I-IV;  Ready,  et.  al.  1988;  Heuer.  et.  ai.,  1988;  Yu  &  Shetiy,  1989)  and 
fiber-reinforced  composites  (Prewo  &  Brennan,  1982;  Zok,  et.  al,  1991).  In  non-fibrous  ceramics,  the  most 
significant  gains  in  toughness  have  been  produced  by  T-cun/e  mechanisms,  which  usually  have 
the  unfortunate,  accompanying  side-effect  of  a  reduction  in  strength  (Swain  and  Rose,  1986;  Cook.  et. 
al.  1987;  Heussner  &  Claussen,  1989;  Chantikul  eL  ai.  1990).  This  frequently  encountered  trade-off  between 
strength  and  toughness  properties  (Swain,  1985;  Marshall.  1986;  Swain  and  Rose,  1986)  is  a  serious  problem 
in  ceramics,  and  is  the  primary  motivation  behind  this  research.  If  the  strength  reduction 
associated  with  the  T-curve  approaches  or  falls  below  the  required  design  stross  for  a  potential 
application,  then  any  improvement  in  toughness  has  been  negated.  Thus,  a  goal  in  ceramics 
processing  has  been  to  produce  a  body  possessing  both  high  toughness  and  high  strength.  The 
usual  strategy  involves  m  optimized  processing  procedure,  designed  to  compromise  a  little  on 
both  die  strength  and  the  toughness,  resulting  in  acceptable  levels  for  each.  This  section  wiO 
describe  a  laminated  cotnposite  design,  which  has  the  potential  of  achieving  both  highest  strength 
and  highest  toughness,  without  compromising  either. 

The  design  concept  is  illustrated  in  Figure  ILL  Curve  A  depicts  the  indentation  strength 
response  lor  a  typical  low  toughness  ceramic.  For  small  flaw  sizes,  the  material  exhibits  a  high 
strength.  Without  a  T-curve.  however,  this  material  is  flaw-sensitive,  and  its  strength  falls  of 
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dramatically  as  the  flaw  size  increases.  II  a  T-curve  mechanism  c;m  be  activated,  the  material 
becomes  Haw  tolerant,  displaying  a  nearly  invariant  strength,  as  shown  by  material  B.  This  flaw 
tolerance  usually  means  an  improved  strength  lor  large  flaw  sizes,  but  a  much  lower  strength  lor 
small  flaws,  compared  to  material  A.  By  placing  a  layer  of  A-type  material  on  the  top  and  bottom 
surfaces  ol  a  B-rype  material,  a  laminated  composite  is  produced  which  may  possess  the  toughness 
and  flaw  tolerance  properties  associated  with  the  T-curve  of  material  B.  without  sacrificing  the 
smaU  flaw  strength  displayed  by  material  A.  With  an  optimal  surface  layer  thickness,  the  trilayer 
composite  exhibits  the  best  strength  behavior  ol  the  two  materials,  as  shown  by  curve  C. 

A  simple  technique  may  be  used  to  estimate  the  optimum  surface  layer  thickness.  The 
strength  curves  i)l  the  two  base  materials  intersect  at  a  certain  indent  load.  P,.  The  crack  size 
produced  in  the  surface  material  by  an  indent  of  load  P,  is  given  by  Eq.  15  - 

c-(XP./To)^ 

where  X  is  a  constant,  equal  to  0.016(E/H)"2;  and  T„  is  the  constant  toughness  of  the  surface 
material.  For  example,  using  E/H  =  22.  To  =  2.1  MPaVm.  and  P|  =  30N,  a  calculated  crack  size 
ol  105  pm  IS  obtained.  Tlie  trilayer  composite  would  then  be  made  such  that  the  final  fired 
thickness  ol  the  surface  layer  was  about  105  pm.  This  calculation  is  somewhat  sensitive  to  the 
values  ol  E.  H.  and  T„;  hut  it  these  values  are  not  known,  then  the  crack  size  resulting  from  P, 
could  simply  be  measured,  and  the  surface  layer  thickness  set  to  this  measured  crack  length.  It 
must  be  empha.sized.  however,  that  this  estimation  of  the  optimum  thickness  provides  only  an 
approximate  guide.  The  flaw  produced  by  P;  is  simply  the  largest  possible  flaw  which  (prior  to 
loading)  is  completely  contained  within  the  surface  layer.  Clearly,  this  technique  ignores  crack 
shape  ettects,  and  the  possibility  of  stable  crack  growth. 

The  goals  ol  ihis  research  were  the  following: 

(1)  To  produce  AKO,  *f  20  vol.%  AkTiO^  materials  (’AAT20’)  having  the  highest  possible 
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strength  throughout  the  entire  range  ot  flaw  sizes,  using  a  model  trilayer  laminated  composite 
design; 

(2)  To  eviiluate  the  cllect  ol  surface  layer  thickness  on  the  strength  response  of  the  trilayer 
composites: 

(3)  To  model  the  strength,  flaw  tolerance,  and  T-curve  propenies  of  the  AAT20  trilayer 
composites,  based  on  the  individual  T-curves  of  the  two  base  materials: 

(4)  To  demonstrate  the  trilayer  design  concept  using  zirconia-based  materials  of  higher  strength 
and  toughness  than  the  AAT20  system. 
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III.  EXPERIMENTAL  PROCEDURES 
A.  Material  Details. 

The  main  part  of  this  work  was  carried  out  using  high  purity  :iluinina  and  aluminum 
titanaie  powders.  The  alumina  was  made  by  Sumitomo,  grade  AKP-HP.  with  a  purity  of  99.995% 
and  mean  particle  size  of  0.45  uni.  The  aluminum  titanate  was  custom  made  for  this  project  by 
Trans-Tech,  with  a  purity  of  99+%,  and  mean  particle  size  of  -lum.  All  materials  for  this 
research  were  made  by  tape  casting.  A  commercial  binder  -  solvent  solution  was  used  to  make 
the  tape  casting  slurries.  This  solution  contained  the  solvents,  binders,  plasticizers,  and  dispersants, 
already  mixed  together,  and  was  made  by  Metoramic  Sciences.  Inc.  (grade  B73181).  The  solvent 
system  consisted  ot  acetone  and  naphtha;  the  binder  was  an  acrylic  polymer,  and  the  plasticizer 
was  dioctyl  phthalatc.  Additional  surfactant  was  obtained  from  MSI  for  use  as  plasticizer  and 
dispersant  (grade  Ml  1 14),  but  no  information  about  this  surfactant  was  available  (proprietary). 

Zirconia  composites  were  also  produced.  All  zirconia  powders  were  made  by  Tosoh. 
Powder  grades  used  were  TZ-3Y20A  and  TZ-12CE.  The  3Y20A  is  a  spray  dried  powder, 
consisting  of  3  mol%  Y,0,  -  doped  ZrO,  +  20  wt%  AhO,  ;is  second  phase  reinforcement.  This 
powder  had  a  high  specific  surface  area.  17.2  mVg.  The  12CE  is  12  mol%  CeO,  -  doped  ZrO,. 
which  is  a  transfonnation  toughening  grade. 

Additional  infomiation  about  equipment  and  suppliers  may  be  found  in  Appendix  III. 

B.  Slurry  Prt)cessing. 

Tape  casting  slurries  were  prepared  inside  a  clean  room.  The  slurries  were  mixed  by  ball 
milling,  inside  high  density  polyethylene  bottles.  Tlie  milling  media  were  99.5%  alumina  rods, 
0.5  in.  X  0.5  in.  (U.s.  .Sumewarc  Corp..  Mahwah.  NJ).  Both  bottles  and  milling  rods  were  acid  washed 
before  using,  to  remove  :iny  impurities.  Acid  washing  con.si.sted  of  rinsing  with  trichloroethylene, 
then  acetone,  then  ethanol,  then  deionized  water.  Next,  the  labware  was  soaked  in  aqua  regia  (3:1 
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HC1:HN0,)  lor  one  hour,  rinsed  with  deionized  water,  soaked  in  HF  ibr  one  hour,  rinsed  again 
with  deionized  water  and  dried  in  an  oven.  Slurries  were  cast  using  a  laboratory  scale  batch-type 
tape  caster  and  drying  table  (TAM),  on  top  ot  Mylar  sheer  (DuPont),  which  was  lying  on  top  of  glass 
plates.  The  Mylar  was  pretreated  on  the  top  surface  with  a  silicone  release  agent. 

Slurry  ingredients  were  always  added  in  the  satne  order:  first,  the  binder-solvent  solution, 
then  the  extra  dispersant,  then  the  powder,  then  any  additional  methylene  chloride  solvent  (as 
needed).  After  ball  milling,  a  de-airing  step  was  required  in  order  to  prevent  formadon  of  air 
bubbles  in  the  green  tape.  De-airing  was  accomplished  by  transferring  the  slurry  to  a  smaller 
bottle  to  remove  the  milling  rods,  and  slow-roUing  on  the  btill  mill  at  as  slow  a  speed  as  possible 
lor  at  least  16  hours.  The  sluny  was  cast  immediately  following  the  de-airing  step.  It  is  worth 
noting  that  mi  filtration  step  was  used.  The  slurries  produced  for  this  research  were  considered 
too  VISCOUS  and  dried  too  rapidly  to  allow  any  filtration.  Imponant  details  relevant  to  the 
processing  of  each  kind  of  slurry  follow. 

1.  AAT20  Materials: 

Homogeneous  AAT20  was  prepared  by  first  ball  milling  the  aluminum  titanate  powder 
in  the  lull  amount  of  binder  solution  for  one  day.  Then  the  alumina  powder  was  added,  plus  some 
methylene  clilondc  to  decrease  slip  viscosity  (to  improve  mixing),  and  the  slurry  was  ball  milled 
for  another  two  days.  This  resulted  in  an  excellent  dispersion  of  the  two  powders,  as  weU  as 
breakdown  of  agglomerates.  The  inhomogeneous  AAT20  was  made  by  slightly  increasing  the 
powder-io-binder  loading  ratio,  decreasing  the  amount  ol  extra  di.spers:uit  added,  and  reducing  the 
milling  time  to  a  single  step  ol  six  hours.  This  procedure  resulted  in  poor  mixing  of  powders  and 
a  severely  agglomerated  green  tape.  These  agglomerates  were  soft,  and  had  a  wide  range  of  sizes 
(occasionally  as  large  as  a  few  mm;  such  very  large  agglomerates  were  avoided  in  the  stamping 
operation).  Wlien  sintered,  such  a  tape  produced  a  fine-grained  matrix  of  fairly  well  dispersed 
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I'i<>ure  III.l.  Sintered  niicrostriictiires  of  the  two  kinds  of  AAT2():  (a)  Homogeneous,  as- 
t'ired  surtace:  (h)  Inliomogencous.  as-t'ired  surface:  (c)  Homogeneous,  fracture  surface:  (d) 
Inliomogeneous.  Iracture  surffice.  All  s;imples  sintered  16()()”C  for  20  min. 


alumina  -f  aluminum  titanate,  which  contained  coarse,  polycrysrailine  islands  ol  both  alumina  and 
aluminum  tiranate.  Figure  HLl  shows  the  microstructure  of  both  types  of  AAT20. 

The  actual  slurry  recipes  were  as  follows: 
a.)  Homogeneous  AAT20. 

50  wt%  binder  solution 
50  w!%  powdets 

Then,  based  on  total  combined  weight  of  those,  add 
1.7  wt%  additional  surfactant 
--5.0  wt%  methylene  chloride 
So,  the  standard  size  batch  used  the  following  recipe  - 
500ml  bottle,  with  55  milling  rods 

197.4  g  B73I81  binder  solution  +  6.7  g  Ml  1 14  surfactant  +  .37.4  g  AliTiO, 
bail  mill  t)ne  day,  then  add  160.0  g  AUOj  powder  +  -20.0  g  methylene  chloride; 
ball  mill  48  hours,  transfer  to  a  250  ml  bottle,  and  .slow  roll  for  at  least  16  hours, 
b.)  Inhomogeneous  AAT20. 

47.5  wt%  binder  solution 

52.5  wt%  powders 

Then,  based  on  total  combined  weight  of  those. 

0.4  wt%  additional  surfactant 
So,  the  .standard  .size  batch  used  the  following  recipe; 

178.6  g  binder  .solution  +  1.5  g  surfactant  +  37.4  g  AhTiO,  +  160.0  g  AhO, 

(*note  -  no  extra  methylene  chloride  was  added) 

This  slurry  was  considerably  more  vi.scous  than  the  homogeneous  one.  In  fact,  it 
would  not  mill  properly  in  the  usual  manner  ol  lying  the  bottle  on  its  side.  These  slurries  were 
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milled  by  tumbling  end-over-end.  at  slightly  lower  speed  than  used  for  the  homogeneous  matenal. 

It  is  interesting  to  note  the  reproducibility  ot  these  slurries.  They  were  very  consistently 
reproducible.  For  this  research,  hundreds  of  samples  were  made  from  at  least  eight  homogeneous 
tapes  and  at  least  14  inhomogeneous  tapes,  using  three  different  batches  of  binder  solution,  and 
two  different  batches  of  surfactant,  over  a  period  ot  2  -  3  years.  Green  tape  and  slurry 
appearances  were  very  consistent,  as  were  sintered  inicrostructures  and  measured  strengths. 

2,  Zirconia  Materials: 

The  zirconia  materials  were  made  using  the  same  binder  solution  and  dispersant  as  the 
AAT20.  The  relative  amounts  of  powder,  binder  solution,  and  dispersant  had  to  be  altered, 
however.  The  first  slurries  were  made  using  the  exact  same  recipe  as  for  the  homogeneous 
There  was  a  considerable  amount  of  damage  evident  in  these  samples  after  firing.  The 
damage  was  in  the  fonn  ot  cracking  and  chipping:  severe  delaminations  (occasionally  running 
completely  across  the  sample),  radial  cracks  originating  at  the  edges,  and  randomly  distributed, 
finer  -  scale  surface  cracking.  Varying  the  binder  burnout  and  the  sintering  schedules,  especially 
heating  and  cooling  rates,  established  that  these  cracking  problems  were  probably  not  caused  by 
the  tiring  cycle.  Furthermore,  observation  ot  the  samples  after  binder  burnout,  before  sintering, 
continued  iJiat  all  fonns  ot  cracking  were  present,  regardless  of  heating  schedules.  Thus,  it 
appeared  that  these  problems  were  a  result  of  defective  green  micrestructures. 

Because  both  the  3Y20A  and  12Ce  zirconias  have  higher  density  than  AAT20,  using  the 
AAT20  recipe  resulted  in  tapes  with  relatively  lower  powder  loadings.  Equal  powder  masses  of 
3Y20A  and  AAT20  occupy  different  volumes;  the  higher  density  powders  (the  zirconias)  occupy 
less  volume  :md  theretore  their  green  tapes  had  relatively  more  binder  than  the  AAT20  tapes  did. 
This  excess  binder  bunied  out  to  leave  excess  void  space  in  the  green  body,  resulting  in  lower 
green  density.  Using  alumina  as  a  reference  standard,  the  3Y2()A  occupies  27.5%  less  volume. 
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and  the  12Ce  occupies  35.7%  less  volume.  New  slurry  recipes  were  developed,  with  powder 
loading  ratios  adjusted  to  reflect  these  volume  differences.  Thus,  the  new  3Y20A  slurry  used 
27.5%  less  binder  solution  than  the  original  recipe:  and  the  12Ce  used  35.7%  less.  These  changes 
were  intended  to  return  the  green  density  of  tapes  back  to  the  level  of  the  successful  AAT20  tapes. 

The  amount  of  surfactant  was  also  changed.  These  powders-  were  not  only  denser  than 
alumina,  but  they  also  had  much  higher  specific  surface  areas  (SSA).  Dispersion  is  determined 
by  surface  properties,  so  it  seemed  reasonable  to  increase  the  surfactant  by  an  amount  based  on 
the  difference  in  SSA  between  alumina  and  these  powders.  The  alumina  had  SSA  =  5.7  m^g;  the 
3Y20A,  17.2  m/g;  and  the  12Ce,  12.3  mVg  (numbers  supplied  by  the  manufacturers).  Thus, 
surfactant  wits  increas-ed  by  a  factor  of  3  for  the  3Y20A.  and  by  60%  for  the  12Ce.  These 
changes  greatly  impnwed  the  12Ce  material,  almost  completely  eliminating  instances  of 
delaminatron.  The  trilayers  wer^  also  much  improved,  but  still  contained  occasional  radial  cracks, 
and  some  delaminations  between  surface  and  bulk  material.  The  3  Y20A  material  remained  in  bad 
condition,  however,  with  delaminations,  radial  cracks,  and  random  surface  cracking. 

Examination  of  green  tape,  calcined,  and  sintered  body  microstructures  in  the  SEM 
revealed  that  the  slurry  processing  was  apparenUy  not  breaking  down  the  spray  dried  agglomerate 
structures  in  the  3Y2()A.  Microstnictures  at  all  three  stages  of  processing  contained  roundish 
agglomerates  of  about  10  -  20  pm  in  diameter,  separated  by  regions  of  binder  (green  tapes),  or 
void  space  (calcined  and  sintered  bodies),  as  shown  in  Figures  1112  -  4. 

In  order  to  produce  good  3Y20A  materials,  without  further  refinements  to  the  slurry 
processing,  all  subsequent  samples  were  isopressed  at  57  ksi  (393  MPa),  for  J  minute,  following 
binder  burnout.  This  i.sopre.ssing  step  resulted  in  tremendous  improvement  in  the  sintered  bodies. 

As  a  general  rule,  the  calcined  bodies  contained  some  damage  -  delaminations.  radial  cracking, 
etc.  Alter  isopre.ssing.  all  such  damage  was  eliminated.  To  illustrate  how  effective  the  isopressing 
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Fimire  III.2.  ilop  Icl'l)  □Co  jzrecn  uipc  inicnisimcuirc,  with  wcll-clispcrscci  panicles;  (Uip  rigiii) 
green  tape  micrdsimciure.  showiiig  agglomeraies  separaieci  hy  hiiuler:  iboiiom)  caicinctl 
'^■2()A  slinwiiig  voids  lioin  binder  biimoiil. 


.iliormy  skirry  iVLipc,  sinicrocl  15(K)  ('  ibr  2  hrs:  (ccnicn  iisiiii!  iiUHlifial  stiirn'  rccipc.  1500  C  lor 
2  Ills;  (hoiioiii)  sinicral  l.■'00  C  lor  5  hrs.  Density  iiiiprovcil  wiili  cacli  new  irealineni. 
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«=p  was  in  „n„„v,„g  crack  darnage,  cons.dar  Ule  following  example.  Occasionally,  a  calcined 
sample  would  contain  a  complete  delamination,  which  .separaled  Ihe  sample  into  two  halves.  One 
of  these  samples  was  pieced  back  logelher  in  .such  a  way  lhat  die  two  halves  were  sUghtly 
displaced  fiom  each  other,  and  Isopm^ed.  Alter  Isopiesslng.  aU  evidence  of  ihe  delamlnalion  was 
gone,  except  tor  the  two  halves  stiU  being  displaced  from  each  other  (by  about  Imm).  This 

sample  was  subsequently  tired,  and  it  exhibited  the  stune  snengdi  level  as  the  other  undamaged 

samples. 


After  allowing  ihe  iape  in  do-,  usually  for  at  least  one  day.  dte  tape  was  tmnstened  to  the 
Clean  room  for  stahtping  of  disks.  Disks  (1.25  in.  diameter,  wero  stamped  from  the  tape  inside 
a  laminar  flow  hood,  lo  minimize  airtoroe  contamination.  Samples  consisied  of  heiween  nine  and 
iwemy  individual  disk  layers  (typically  ten).  Handling  of  the  dried  tapes  usuaUy  introduced 
Sighitican,  static  charge,  which  could  be  quite  bodtentome.  especially  for  the  thinnest  htpes.  In 


order  to  eliminate  tlii.s  stadc  charee.  an  electronir  winr-  .  .  • 

.gc.  oi,  electronic  static  charge  removal  device  (’X-Static’)  was 

used  during  siamping  aiid  stacking  of  disk  layers.  Tapes  having  thickness  gieacer  dian  ahout  70 

ttm  wero  easily  stripped  from  the  Mylar  tUm;  hut  below  this  thickness,  a  special  technique  was 

required.  A  U-shaped  Mylar  stripping  ,„ol  was  made,  rounded  on  one  end  and  ground  thinner 

at  the  leading  edge  (using  a  coaise  diamond  grinding  wheel).  This  lool  was  careftiUy  inseried 

between  .he  .stamped  disk  and  te  Mylar  casiing  fflm.  and  slowly  pushed  underneath  the  disk. 

Nomially  this  would  cause  , he  siamped  disk  io  adhere  .strongly  ,o  ihe  Mylar ,«,!  by  siahe  charge. 

So,  me  stamped  disk  was  Ihen  passed  In  from  of  the  X-Slatic  device  lo  eliuiihate  the  sialic  charge. 


Green  .samples  were  produced  by  .stacking  layeis  in  a  slainlns.,  sieel  die,  wim  one  mylar 
disk  Oh  iop  iuid  h„,r„..,  do  prevera  siickihg,,  silicone  side  facing  ihc  lapes.  and  warn,  pressing  a, 


10  k.si  (69  MPa)  and  75°  C  lor  15 


minutes.  Warai  pre.ssed  saniple.s  were  arranged  in  99. 


8% 
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alumina  dishes  with  lids,  surrounded  on  top  and  bottom  with  sacriticial  powder  (alumina  for  the 
AAT20S.  3Y2()A  for  the  zirconia  trilayers  and  3Y20A  monoliths.  12Ce  for  the  12Ce  monoliths). 
These  were  calcined  in  an  L&L  furnace  (Appendix  im.  using  the  following  heating  schedules: 

-•  ■  AAT2ns:  12  hours  from  room  temp  up  to  550*  C,  dwell  for  5  hours  (binder  burnout) 

2.5  hours  from  550  to  700”  C.  dwell  tor  8  hours  (calcine  residual  carbon) 

5  hours  clown  to  room  temperature 
r,:.  „,Zirconias,  12  hours  trom  room  up  to  550’  C,  dwell  for  5,5  hours 
4  hrs,  16  min  from  550  to  800’  C,  dwell  for  16  hours 
12  hours  down  to  room  temperature 
D.  Sintering  Schedules. 

Sintering  wjis  pertomied  in  air,  using  a  CM  Rapid  Temp  furnace,  as  follows: 

1.  AAT20s.  9  C/min  to  750’C,  dwell  for  5  minutes 
18’CAnin  to  1300’C,  dwell  for  1  minute 
9’  C/min  to  1600’C,  dwell  for  20  minutes 
33*  C/min  down 

The  high  heating  rates  between  750”  and  1300o  C  were  designed  to  avoid  decomposition 
ol  the  aluminum  liianaic  into  alumina  and  titania  (Kato.  et.  at.,  mo:  Tii<iina.s  &  .Stevens.  1989).  Also,  the 

very  high  cooling  rale  was  used  in  order  to  maximize  the  localized  residual  thennal  expansion 
mismatch  .stresses  (Blendell  &  Coble.  1982). 

_ Zirconias:  5’/min  to  800*C,  dwell  for  30  minutes 

5”/min  to  1500”C,  dwell  for  2.  or  3  hours 

3  /min  lo  850*C,  5*/min  down  to  room  temperature 
E.  Thickness  Control. 

The  final  llred  thickne.ss  of  the  surface  layer  was  detemiined  by  three  primary  factors: 
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ttie  original  Urictnesr  o. , he  dried,  green  tape,  the  want,  preas.ng  step,  and  the  atntering  shrinkage. 
The  .second  two  were  eventually  raaintained  as  tnvariant  proces.s,ng  steps,  having  known  and 
rephidueible  atnounts  o.  shnnkage  associated  wtth  them.  Hence,  the  ntost  itnpottant  variable 
affecting  the  final  layer  thickness  was  the  thickness  of  the  gmen  tape.  TOs  was  toughly 
controlled  by  the  doctor  blade  opening,  using  an  experience-based  cotrelation  between  the 
nricratneter  setting  and  the  dried  thickness.  Tape  thicknesses  ranged  Iroiii  about  35  mn  to  400 

inn.  Warn,  pressing  resulted  in  about  1 1%  shrinkage  in  thickness-:  and  sintering  resulted  in  an 

additional  20%  shrinkage  in  thickness.  Thus  the  rimi  nr^ri  th.rv. 

I  nus.  me  tmai  hred  thickness  was  approximately  3 1  %  less 

than  the  original  green  tape  thickness. 

F.  Strength  Te,sting. 

Unpolished  disk-shaped  samples  were  indented  on  one  surface  with  a  Vickers  diamond 
indenier.  and  ihe  indemadon  si.es  were  immediately  covemd  with  a  dtop  of  .silicone  oU  (Dow- 
Coming  704  diffusion  pump  oil)  io  ptevent  moisium  attack.  Stunples  wens  tested  in  biaxial 
flexure  within  2  houm  of  indenting.  Testing  in  biaxial  flexure  provided  iwo  beneflts,  Fitsi.  this 
geomeio-  was  able  accommodate  the  slight  watpage  of  the  satnples  which  ofien  arose  during 
handhng  of  .he  wann-prossed  disks.  Second,  biaxial  flexuro  iesring  prevenied  tfacures  from 
spurious  edge  flaws.  When  iesiing  could  no.  be  pertonned  wiUtin  2  hour,-,  satuples  wete  siomd 
in  a  vacuum  dcssicaior.  Specimens  were  tested  in  .siroke  control,  using  a  cross-head  speed  of 
iitxiu.  200  m,„/s.  All  fractums  occurred  in  20  tns  or  less,  and  load-litne  itaces  wero  tecotded  on 
a  digital  sionige  o.sciUo.scape.  Il  should  be  noled  ihal  for  the  AAT20  tiialerials.  the  surface  and 
bulk  malerials  had  ihe  sante  composiiion.  so  ihe  elastic  ntoduli  wete  assumed  to  be  equal.  Thus, 
the  sirength,  were  dctennined  from  the  maximum  bending  .sitess.  ai  ihe  .ensile  surface.  (For  the 
Xiicoma  irilayers.  ihis  a.ssu„.p,i„n  was  no,  valid.  Nevenbeless,  the  modulus  diffemnce  between 
surface  and  bulk  in  tho.se  materials  was  no,  accounted  lor.)  The  .sttess  equation  used  was  given 
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by  Roark  (1954).  with  a  niodificaiion  by  We.stergaard  (see  Roiirk.  1954;  deWithand  Wagemans.  1989): 

a  =  -{3P/(47tr))(X-Y) 

where  X  =  ( 1 +v)ln(RL/R)' +  {(1-v)/2}(Rl/R)-  : 

Y  =  (l+v){  l+ln(Rs/R)^|  +  (l-v)(Rs/R)-  ; 

Rl  =  Radius  ot  the  region  of  uniform  Loading  =  (1.6z'+r)‘'^-().675t  (z=contact 
radius  of  the  loading  flat] 

R^ ;  R  =  Radius  of  Support  circle;  and  specimen,  respectively; 

P  =  load  at  failure;  v  =  Poisson’s  ratio;  and  t  =  specimen  thickness. 

For  AAT20  materials,  the  value  used  for  Poissons  ratio  was  0.233  (i.e..  the  value  for  pure 

alumina);  and  for  zirconias.  0.3.  Reported  strengths  represent  the  average  value  from  at  least  (and 

typically  more  than)  lour  samples.  All  broken  samples  were  examined  with  an  optical  microscope 

lo  detennine  whether  fracture  proceeded  from  the  indent.  If  not.  the  samples  were  included  in  the 

unindented  group. 

(j.  Indentatiun  Measurements. 

Indentaiion  impression  diagonals,  radial  crack  lengths.  ;md  lateral  crack  development  were 
measured  for  the  AAT20  materials,  using  an  optical  microscope  with  digital  image  analysis  pad 
(MicroPlan  II.  DonSanto  Corp.).  At  least  four  indents  were  measured  for  each  reported  indent  load,  and 
all  measurements  were  made  within  3  hours  of  indenting  (except  for  the  lateral  cracks).  All 
measurements  were  conducted  on  broken  fragments  left  over  from  strength  testing,  on  the  surfaces 
whicii  liad  been  in  tension,  but  far  away  from  the  area  of  maximum  stress,  and  far  away  from  any 
other  indent  (i.c.  .several  mm).  The  measuring  procedures  follow. 

1.  Impression  diagonals,  and  radial  crack  length.  Using  the  digitizing  pad.  the  distance 
between  any  two  points  in  the  field  of  view  was  easily  measured.  For  a  given  magnification,  a 
scaling  t actor  was  entered  into  the  computer.  Then,  lltc  starting  ;uid  ending  points  of  the  crack 
or  imprc.ssion  diagonal  were  marked  witli  the  cursor,  and  the  computer  calculated  the  distance 
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between  tJtem.  Best  results  were  obtained  under  the  following  conditions,  using  a  Nikon  optical 
microscope: 

Da*.,iclcl  imaging  -  I.e..  the  tield  limiting  apemtm  cted  „f  me  way: 

b.  Light  intensity  turned  up  all  the  way: 

c.  Light  limiting  aperture  opened  all  the  way; 

d.  Polarizer  out: 

=.  Magnification  as  high  as  possible,  with  a  field  of  view  that  includes  the  entire 
feature  of  Interest.  TOs  feature  was  kept  as  close  as  possible  to  dte  hounda^  between  dfe  bnght 
and  darn  fields,  fi  w.as  sometimes  helpful  to  be  able  to  move  fire  (bright,  field  of  view,  without 
moving  the  sample.  This  was  done  by  pushing  or  pulling  me  rod  which  .selects  trae  da*  field 
unagtng  or  bright  field  Imaging.  All  reporttd  crack  lengths  were  measured  from  me  center  of  me 
mden.  the  tip  of  the  radial  entck.  No  estimate  of  experimenttU  measuring  error  was  made,  odter 
man  ihe  following  puadiiafive  ohse^hons.  As  indent  load  decreased,  1,  became  more  tfifncu,. 

-o  see  me  cracks  a.  all.  and  especially  .he  crack  dps.  This  ,s  primarily  because  me  decrease  in 
crack  length  required  higher  magmficafion  view  me  cracks,  and  as  the  tnagnlficafioh  was- 
increased.  1,  became  more  difficul,  to  differennafe  between  creeks  and  me  grein  boundaries  (all 
measuremems  were  conducied  on  as-fired  surfaces:  polishing  tttlgh,  have  improved  crack 

visihllhy,.  Thus,  me  values  reponed  for  me  lower  indent  loads  fesp.  <  K,N,  are  considered  less 

reliable  than  the  vaJue.s  for  the  higher  indent  loads. 

aOtaemlcreckdeyeham^  ‘^"Cking  was cv„W,  itoi  really  ...easured.  The 

number  of  ihdent  quadrants  containing  a  lateral  crack,  and  dte  number  of  laterel  crack  chips  were 
mcotded.  Once  again,  dark  field  imagtag  was  much  beher  fer  viewing  latend  cracks,  however 
■nic  dark  field  imaging  was  used  here,  logemer  with  the  following  condilions: 

Ji-  Adju.stabie  polarizer  in 
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0^ 


b.  Analyzer  in 

c.  Field  aperture  open  all  the  way 

d.  Light  limiting  aperture  -3/4  closed 

e.  Focus  just  below  surlace.  i.e.  locus  down  into  impression 
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There  have  been  numerous  studies  conducted  on  h,  . 

^  layered  microstructures  (Mistier 

KTchner,  Ceen.  Vir^ar,  cc.,.  U,=  ,„echa„.. 

chanism  discussed  in  section  l-E  has 

never  been  successtiilly  exploited.  The  original  goal  of  rhic  ■ 

gmai  goal  ot  this  project  was  to  produce  simple  fine- 

gnun/coatse-grain  layered  microstructures  out  of  essenriallv  n.  , 

essentially  pure  alumina  materials,  in  order  to 

^e.enn,„e  .he  ete,  a  .aaghneaa  difference  between  the  surface  , 

the  surface  and  intenor  materials,  on  the 

«t=ngB,  and  Haw  tolerance  behaviorof  the  composite.  Several  diffen-nr 

.  different  processing  strategies  were 

pursue  in  this  effort  to  produce  the  neccessaiy  grain  size  differp 

.  ‘  Werence  tetween  surface  and  bulk 

These  mttial,  oasuccessftti  altempts  am  discussed  in  Appendix  I  I,  ,  , ,  s 

ppendix  I.  It  should  be  observed  that  the 

proce.ssing  ol  such  a  composite  is  rather  difficult. 

The  nwny  problems  encountered  in  producing  rhp  •  •  •  . 

Poaucing  the  initial  composites  were  largely 

P  asible  lor  the  change  m  focus  toward  a  folly  AAT20  system  This  s-p  i  ' 
results  IV  .  ^•■''•'>ect:iondescnbes  the  main 

from  the  indentation  characterizations  and  strength  tesrin  r  h 

AAT20  materials.  In 

addition,  the  strength  results  from  a  zireonia-based  trilayer  dem 

,  ^  demonstrauon  system  are  presented 

I'laiougb  mis  .sysiem  lus  been  lully  characlerized. 


illllgQIiHion  Mfi.-isiiremenfs 
Several  parametere  cf 


the  indentations  were  measured  in  the  AAT20  materials- 

-P-.s-.on  diagonals,  surface  traces  of  radi^  cracics.  mid  lateral  crac.  d  1 

t'raci  development.  Figure  IV.  J 

ustrates  the  Vickers  indent  .system,  and  shows  how  the  imores  ••  r 

the  impression  dimension  and  crack  lengths 

were  meas-ured.  A  hardness  value  was  calculated  bas-ed  on  the  in, 

impre,s.sH)n  diagonals.  The  radial 

C'S  1  bqxmucncc  upon  indcnuibon  load  was  evaluaied  These  crack  lencih 

iiesc  crack  lengths  were  used  in 

umjunciion  wiih  the  iaieral  crack  obsen/ations.  to  modify  foe  y  tenn  in  il 
field  nf, I  •  ^  ^ re.s-iduaj  .stress  intensity 

Of  <he  indentation  (as  di.scussed  in  section  1-D). 
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Figure  IV.l.  Top  view  ol-  Vickers  indentation,  showing  the  parameters  which  were  measured  i 
Figures  IV.2  and  IV.3  below. 


m 


impression  hall-diagonals.  Line  shows  response  lor  constant  hardness 
^  homogeneous  AAT20).  Error  bars  same  size  as  symbols. 
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Figure  IV. 2  shows  rhe  impression  half-diagonai,  a,  as  a  function  of  indent  load.  For  a 
material  with  constant  hardness,  the  general  relation  between  P  and  a  is  given  by 

a  =  (P/2H)^^-  (24) 

As  seen  in  Fig.  IV.2,  both  the  homogeneous  and  inhomogeneous  AAT20  materials  obey  this  P^^ 
dependence  (empirical  power  law  fits  through  the  data  yielded  slopes  of  0.53  and  0.52, 
respectively),  and  it  is  therefore  concluded  that  they  possess  constant  hardness.  Hardness  values 
lor  each  material  were  obtained  from  a  best  fit  of  the  experimental  data  to  the  above  equation. 
(The  FORTRAN  code  used  in  fitting  the  data  is  presented  in  Appendix  IL)  The  hardness  of  the 
homogeneous  and  inhomogeneous  materials  was  18.0  ±  0.7  GPa,  ;uid  15.8  ±  0,6  GPa, 
respectively.  The  two  materials  may  seem  to  have  significantly  different  hardness:  however.  Fig 
IV.2  shows  that  the  best  fit  to  Eq.  24  for  the  homogeneous  data  (constant  hardness  of  18.0  GPa) 
also  gives  an  excellent  fit  to  the  inhomogeneous  data,  even  if  it  was  not  the  best  fit  Thus,  for 
the  purposes  ol  this  research,  the  two  materials  are  considered  to  have  the  same  hardness. 

Figure  IV.3  shows  the  measured  surface  traces  of  radial  cracks  as  a  function  of  indent 
load.  All  values  represent  the  length  from  the  tip  of  the  crack  to  the  center  of  the  indentation. 
Since  a  half-penny  Haw  shape  was  assumed,  these  surface  traces  were  taken  to  be  equivalent  in 
length  to  the  crack  deptli.  Empirical  power  law  fits  to  tliese  crack  length  data  yielded  slopes  of 
0.656  and  0.589  lor  the  homogeneous  and  inhomogeneous  A  AT20,  respectively.  Both  slopes  are 
less  than  die  theoretical  0.667  slope  lor  half-penny  indent  flaws  in  a  material  of  constant 
toughness,  which  may  be  taken  as  an  indication  that  both  iiiaterials  cxiiibit  some  T-curve  behavior 
(il  it  is  still  assumed  that  the  crack  is  of  half-penny  shape).  However,  it  should  also  be  noted  that 
a  line  ol  2/3  slope  can  be  forced  through  the  error  bars  ol  the  crack  length  data  for  both  materials. 

Lateral  crack  development  was  evaluated,  and  the  results  are  presented  in  Fig.  IV.4.  It 
may  be  seen  that  the  lateral  cracking  behavior  was  similar  for  the  two  base  materials.  A  value 
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O  Homogeneous  AAT20 
H  Inhomogeneous  AAT20 


^  ,  100  1000 

Indentation  Load,  N 

IVJ.  Radial  crack  lengths.  Line  shows  hpst  fit  tn  p»i  th  fv^r  k. 

Cffivinp  n  p  -944s^J^  'rt,:.  ,•  ,  ^  ^  tor  the  homogeneous  material 

g  L  )•  This  line  passes  through  error  bars  for  the  inhomogeneous  AAT20. 
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lor  P[,  the  indent  load  at  which  lateral  crack  influence  becomes  significant,  was  determined  by 
lifting  the  raditil  crack  length  data  to  Eq.s  20  and  21.  from  Section  l-D.  (The  FORTRAN  program 
used  in  fitting  the  crack  length  data  is  given  in  Appendix  I!.)  The  value  thus  determined  was 
2445  N.  for  the  homogeneous  AAT20.  Note  that  this  is  about  20  limes  the  indent  load  at 
which  the  lateral  crack  development  factor  (4,)  reaches  the  67%  level  (this  is  of  similar  order  of 
magnitude  as  the  approximate  correlation  between  4,  and  suggested  by  Cook.  et.  al.  (1990),  i.e. 
Pl  —  100  X  P(Li) -,.7%)).  Finally,  since  the  inhomogeneous  AAT20  exhibited  very  similar  hardness, 
radial  cracking,  and  lateral  crack  development  behavior,  the  same  2445  N  value  for  Pl  was 

assumed  for  this  material,  and  also  for  the  trilayer  composites  (for  use  in  subsequent  T-curve 
modeling). 

2c  Strenuth  Results 

The  main  experimental  strength  results  are  pre.senied  in  Figures  lV.5-7.  The  indentation 
strength  response  of  the  two  base  materiais.  tested  in  bulk  forai,  is  shown  in  Fig.  IV.5.  The 
inhomogeneous  AAT20  displays  extensive  flaw  tolerance,  having  a  nearly  invariant  strength  level 
throughout  the  entire  range  of  indent  loads  tested.  As  discussed  in  .section  I.  this  flaw  tolerance 
is  indicative  of  T-curve  behavior.  The  homogeneous  AAT20  exhibits  a  steady  decrease  in  strength 
with  increasing  indentation  load  (Fig.  IV.5),  although  this  is  not  quite  the  ’ideal’  relation 
described  earlier  (an  empirical  power  law  fit  yields  a  slope  of  -0.21.  including  only  the  data 
between  3  N  and  100  N).  This  material  is  therefore  described,  qualitatively,  as  exhibiting  limited 
T-curve  behavior,  and  this  will  have  significant  coasequences  for  the  T-curve  modeling  of  the 
fri layer  composites  (to  be  discussed  in  Section  V). 

The  indentation  strength  response  of  AAT20  trilayers  was  eviiluated  for  surface  layer 
lhickncs.scs  of  33,  53,  66,  104.  142.  169.  and  188  urn.  As  a  general  mle.  the  .strength  was 
measured  al  one  low  indent  load  (3  N),  and  at  one  high  indent  load  (100  N),  in  order  to  determine 
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whether  composite  strength  behavior  was  produced  for  a  given  surtace  layer  thickness.  Some 
typical  strength  responses  are  shown  in  figure  IV.6.  It  may  be  seen  that  when  the  surface  layer 
was  too  thick,  the  composite  behaved  in  the  same  manner  as  the  surface  material  alone.  On  the 
other  hand,  when  the  surface  layer  was  too  thin,  the  composite  essentially  ignored  the  surtace 
material  and  displayed  the  monolithic  body  material  response.  There  was  an  optimum  thickness  - 
104  pm  -  for  which  the  composite  displayed  the  high  strength  of  the  surface  material  for  small 
flaws,  as  well  as  the  high  strength  of  the  body  material  for  larger  flaws  (Fig.  IV.7).  For  clarity, 
these  strength  data  were  not  plotted  with  error  bars;  however,  the  actual  strength  values  are  given 
in  Table  L  together  with  an  estimate  of  the  experimental  scatter. 

If  is  interesting  to  note  that  the  optimum  thickness  (104  pmj  corresponded  almost  exactly 
to  the  crack  length  produced  by  a  30  N  indentation  in  the  homogeneous  AAT20  (108pm).  This 
was  in  laci  tlie  load  at  which  the  base  material  strengtli  curves  intersected,  as  shown  in  Fig.  IV.5. 
Thus,  i(  appears  that  the  simple  approach  for  estimating  the  optimum  surface  layer  thickness 
(section  II)  was  fairly  accurate  for  this  material  system. 

The  strength  trends  may  be  partially  explained  in  terms  of  the  nature  of  the  material 
sampled  by  a  crack  (Figure  IV. 8).  When  a  growing  crack  experiences  only  surface  layer  material 
ihroughoui  its  entire  evolution  (prior  to  catastrophic,  fast  fracture),  the  strength  (and  toughness) 
will  be  determined  solely  by  surface  material  properties.  Thus,  for  trilayers  having  the  optimum 
layer  thickness  or  greater,  the  strengths  tor  small  indent  loads  (£30  N)  were  the  same  as  the 
corresponding  strengths  of  the  monolithic  surface  material.  Furthermore,  trilayers  with  the  laraest 
layer  thickjiess  displayed  surface  material  strength  even  for  higher  indent  loads  (lOON).  For 
irilayers  having  a  layer  thickness  less  than  the  optimal  value,  this  same  argument  should  have  held 
true  lor  the  smallest  indent  loads  ((10  N);  the  crack  lengUis  produced  by  these  indents  should 
generally  have  been  contained  within  the  surface  layer  (see  crack  lengths,  in  Fig.  1V3).  However, 
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FSgure  IV.7.  Indentation  strength  response  of  trilayer  c 
layer  thickness.  104gm.  The  hatched  band  represents  unin 
the  points  at  0.5N  represent  unindented  strengths  tor  th 
between  this  behavior  and  Figure  fl.l. 
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Table  I.  Strengths  of  the  AAT20  Materials 


intennediate  sized  cracks  sample  a  significant  portion  of  both  surface  layer  and  bulk  materials; 
and  the  largest  cracks  are  interacting  almost  exclusively  with  bulk  material. 


i.  was  m, possible  ppoCuce  fraaoaes  tom  Uiese  small  indent  Haws,  because  die  flaws  ,n 
under, vmg  bulb  ...aiefla,  wem  dominanl.  N„.e,  Icr  exan.ple  daa.  ibe  ,13  pm  toayem  did  no, 
produce  any  legi„„.a,e  inden,afl„„<on.ro„ed  toe, ores  a,  smafl  P.  Indeed,  i,  ,„ay  be  mtoer  no,ed 
id  Figs.  lV.5-7  ,ba,  ,he  ,nbo,„ogeneons  AAT20  monoinbs  pmdnced  no  iegiinnam  .ndem-coptoUed 
s  a,  any  loads  below  ION,  aldiougb  many  alttmpc  were  made  a,  bod,  3N  and  5N.  Thus, 
,he  irilayers  having  ,he , him.es,  surface  layen,  behaved  as  if  dra,  layer  of  sunace  maierial  was  no, 

mere,  even  .hough  ,he  creeks  produced  by  die  lowes.  inden.  loads  were  comained  widdn  die 

surface  layen 

A,  ,he  ...her  ex.rerne,  Idr  die  larges,  flaw  s.zes  (>300N,.  d,e  amoun.  of  crack  surtace  area 
conreined  witon  ,he  sutoce  layer  was  reduced,  and  ,he  surface  mareriai  evenmally  exerfed  an 
msignifican.  .nfluence  over  crack  growto  For  me  larges,  flaws,  merefbre,  me  composhes  havtag 
t  ^  I04pni  behaved  just  like  monolithic  body  material. 

Fora  cena,n  inrennediare  range  of  inden,  loads,  d,e  crack  should  inrersec,  a  signiflean, 
fmcion  Of  bom  surface  and  bulk  marenal.  1.  is  me  bulk  ,„a.an^  wb,ch  conr^ns  ,uicn,s,n.cmral 
Piemen,  (e.g.,  grein  bbdges,  which  ac.  m  srebilize  a  creek,  by  exen.ng  closure  sfres^-  on  me 
creek  dp.  ™e  presence  of  .he  surface  layer  etocively  removes  mose  srabilizing  elemen.  tom 
„  cenain  area  free, ion  of  me  crack  wake.  Over  mis  inrennediare  renge  of  flaw  sizes,  merefore, 

•he  composhe  migh,  be  expecred  .0  exhibi,  a  srrengm  and  ,oughne.s.s  somewhere  be,ween  me 
values  for  ,he  iwo  b.a.se  mareriai.,.  Aimough  ,his  ln,ennedi.a,e  s,reng,h  behavior  was  no.  observed 
m  mese  AAT20  marerials,  i,  should  be  no,ed  mat  the  relatively  small  differences  in  strengms  over 
m,s  mdem  load  range  would  make  experimental  de.ecion  of  mis  effec.  ve^.  difflcuU.  When 

expenmemal  ereor  is  considered  (Table  1),  me  composhe  strengths  are  indistinguishable  from  the 
monolithic  body  .strengths,  tor  all  indents  greater  than  30N. 

B.  Zirconia  Matei  ial.s. 
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In  order  lo  demonstrate  the  trilayer  concept  in  a  system  of  greater  practical  interest,  a 
composite  based  upon  zirconia  materials  was  designed.  For  the  surface  material,  a  commercially 
available  mixture  of  3  moi%  Y^Oj-doped  ZrO.  with  20  wt%  alumina  as  second  phase  particulate 
reinforcement  was  selected  (’3Y20A’).  The  strength  of  this  material  has  been  reported  (Lutz.  et. 
at..  1991)  among  the  highest  known  values  for  ceramics,  (occasionally  exceeding  2  GPa,  under 
optimum  processing  conditions-  i.e..  HIP).  The  material  selected  for  the  bulk  was  a  commercially 
available  12  mol%  CeO^-doped  ZrOi  (’Ce-ZrOT’),  which  is  a  transformation  toughening  grade. 
This  material  has  been  reported  to  have  some  of  the  highest  toughness  values  known  for  non- 
fibrous  ceramics  (as  high  as  17  MPa*m'^.  see  Tsukuma  &  Shiinada.  198.“);  Swain  &.  Ro.se.  1986).  Trilayer 
composites  btised  on  this  combination  were  fabricated  using  two  different  sintering  schedules. 

The  first  set  of  trilayers  was  produced  with  a  surface  layer  thickness  of  about  140  jim,  and 
was  sintered  for  2  hrs  at  1500°C.  The  original  intention  was  to  test  a  small  number  of  these 
composites  to  detennine  what  processing  problems  might  arise.  If  there  were  no  major  problems, 
then  more  samples  were  to  be  made  with  a  pre-estimated  optimum  surface  layer  thickness,  based 
on  the  intersection  of  the  base  material  strength  curves.  This  estimation  depended  on  the 
assumptions  made  for  the  various  material  parameters  (T„.  E/H,  P,),  and  ranged  from  about  30  to 
50  pm  -  considerably  lower  than  the  140  pm  layer  thickness  of  the  first  trial  group.  However,  this 
first  attempt  seemed  to  pniduce  optimal  composite  strength  behavior.  Figure  1V.9  displays  the 
indentation  strength  response  of  zirconia  trilayers  (surface  thickness  of  140  pm)  and  base 
materials,  fired  at  I50(rc  lor  2  hrs.  It  may  be  seen  that  the  composites  exhibited  the  high 
strength  ol  tlie  surface  material  lor  unindented  samples,  tmd  lliat  the  iriiayer  strength  exceeded  that 
of  the  bulk  Ce-ZrO,  for  larger  flaws. 

While  these  tri layer  strength  results  were  encouraging,  they  brought  attention  to  two 
problems.  First  ol  till,  it  became  clear  that  the  simple  approach  to  estimating  the  optimal  surface 
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layer  thickness  was  inappropriate  for  these  zirconia  materiais.  Perhaps  this  was  to  be  expected; 
■here  are  significant  differences  between  the  two  composite  systems.  In  the  AAT20  system,  them 
were  no  ihennai  or  elastic  modulus  differences  between  the  surface  and  bulk.  It  was  an  ideally 
simple  .system.  In  the  zirconia  system,  there  are  both  elastic  modulus  differences,  and  differences 
in  average  themial  expansion  coefficients.  Oastic  modulus  differences  alter  the  applied  stress 
distribution.  Thennal  expansion  mismatch  (for  this  zirconia  system)  would  result  in  residual 
compression  in  the  surface  layer.  Both  effects  would  be  expected  to  influence  any  considerations 
of  optimum  surface  layer  thickness.  In  addition,  the  large  differences  between  dopant  levels  and 
dopant  species  between  the  surface  and  bulk  materials  (3Y  ix  12Ce).  and  the  pre,sence  of  alumina 
in  the  surface  layer,  could  well  lead  to  differences  in  the  intriasic  toughne.ss  (Tn,  see  Section  I-C). 
Finally,  the  microstnjcture-associated  toughening  mechani.sm  operating  in  zirconia  (transformation 
toughening,  with  phase  iransforaiation  occurring  in  a  volume  of  material  ahead  of  the  crack  tip) 
is  different  from  the  mechanism  operating  in  AAT20  (grain  bridging,  with  bridging  ligaments 
distributed  in  the  crack  wake).  Any  one  of  these  complicating  factors  could  influence  the 
magnitude  of  the  optimum  surface  layer  thickness. 

The  second  i.ssue  raised  by  the  initial  zirconia  strength  results  was  that  the  surface  material 
did  not  exhibit  as  high  a  strength  level  as  was  expected.  Publi.shed  strength  values  for  this 
material,  using  the  same  llring  schedule,  indicated  that  1300  MPa  may  have  been  possible  (Lutz 
&  Swain,  iwi).  A  probable  explanation  for  the  difference  was  found  upon  examining  the  3Y20A 
microstructurc  in  the  SEM.  Considerable  poro.sity  remained  after  sintering.  The  shape  and 
distribution  ol  this  porosity  seemed  to  indicate  that  the  spray-dried  agglomerate  structures,  present 
in  the  onginal  powder,  were  not  being  broken  down  during  slurry  preparation  (Fig.  III.2  -  4). 
This  was  conllnncd  by  SEM  observatioas  of  die  green  tapes  ;ind  calcined  disks.  The  spray  dried 
agglomcraies  were  .separated  by  a  significant  amount  ot  binder  in  the  green  tapes,  which  burned 
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.>«  duhng  firing  leave  void  .pace.  „  was-  believed  ta  if  ibe  densiiy  could  be  increased.  Uie 
siiengib  of  diis  ,,V20A  inalerial  (and  iberefore,  ibe  .rilayeni,  could  be  s.gnilicanily  improved. 

Wiib  U,is  in  nnnd.  a  new  se.  of  zircon, a  maienals  was  smiemd  ior b.  ,o„e  bour  longer 
Ihan  belom,  a,  ,5«-C.  Tbe  srmngd,  of  die  3V20A  was  indeed  incmased.  by  abou,  150  MPa  and 

weU.  using  ibe  .same  140  pm  layer  thickness  as  before.  Tbe  indeniaiion  s.reo„H 

lie  inaentarion  .strength  response  of  these 

maienals  ,s  shown  Figure  IV.IO.  Tbe  3Y20A  material  displayed  improved  slrengtb  forsmaU 
naws.  While  me  slrengib  level  of  me  Ce-Zrif.  bulk  maierial  re, named  a,  abou.  me  same  level  as 
„  is  Clear  iba,  me  irllayer  eomposi.es  did  no.  bene.l.  bom  .be  exma  simering  dmei  romer. 
they  displayed  „.e  smne  sirengm  behavior  a,  me  monoliibic  buhc  materiid.  ^ese  hllayem  had 

However,  ihe  microsriucmros  wero  differont  No,  omy  did  me  3  V20A  ma.erial  achieve  inemased 

dens-ny.  as  desired,  bu,  ihe  Ce-ZrO.  bulk  malerial  displayed  a  larger  grain  size  ,see  Fig.  m.4, 
which  leads  ,0  a  greater  .nmsfonnabili.y  a  s..,„. 

materials,  such  as  MirO-PSZ  mri 

;  luateriaJ  considered  here,  transfomiation  of  the 
.e.n.g,„ud  grains  begins  a,  sirosses  well  helow  ,he  fraemm  simss  ,s..,„. 

4  ho.,  hoci^r  as  s„s„„  „  ia  p„asib,e. , here, Ore.  ,ha,  ihe  simngd,  of  me  .nlayem  sinmrod 

lor  mrce  boo.  became  ,rm«,„„„ad„„., imbed,  mrd  con, robed  by  ,he  buik  maienai.  despite  me 
higher  strengdi  of  tJie  surface  layer. 

1.  is  Clear  .bin  ,he  .strengdi  behavior  in  me  zirconia  syslem  is  much  mom  coinpheamd  man 
in  die  AAT20  syslcm.  a,m  lha.  ihe  design  of  hdayer  co„„ro.s„es  u.s,„g  z.monia  maleri^s  becomes 
nmeh  more  complicaied  as  weU.  1.  seems  possible,  however,  ma,  if  m=  green  microsmicure  of 
.he  3V20A  inaienal  could  be  improved  hiriher.  such  m.a,  ihe  simering  bine  couid  he  mduced  back 
ongmal  ,5,»F  c/  2  hrs  .schedule,  ihen  ihe  Irilayer  co,„p„.s,ies  may  display  ihe  desimd 


67 


9 


Figure  IVJO.  Indentation  strength  behavior  for  the  zirconia  trilayer  composites,  sintered  for  3 
hrs  at  1500°C.  Trilayers  exhibit  the  strength  of  the  bulk  Ce-ZrO^  material.  Points  at  extreme  left 
(0.5N)  represent  unindented  strengths. 


composite  slrcneili  response.  Tliat  original  sinEring  sdiednle  produced  irilayem  which  seemed 
io  Show  composlE  strength  behavior.  In  any  event,  if  ophtnum  trilayer  composlEs  am  to  be 
produced  in  the  ztrconta  system,  hmher  processing  work  Is  required. 

There  is  an  alternative  explanation  tor  the  observed  strength  behavior  of  the  zireonia 
trilayers.  The  samples  bred  for  only  two  bouts  seemed  to  display  compostte  strength  response, 
but  the  strengths  might  alEmatively  be  explained  on  the  basis  of  elastic  modulus  enhancement. 
If  the  trilayeis  are  considered  as  essentially  a  Ce-ZrO,  body,  the  surface  layer  may  be  considered 
to  etlectively  increase  the  modulus  of  the  raaretial.  at  the  surface.  This  would  have  the  effect  of 


increasing  ihe  .sfre.ss  which  the  inarerial  could  .suppon.  leading  to  imprevement  in  the  measured 
trilayer  fracture  strengths.  1,  should  be  noEd,  however,  that  the  same  atgument  applied  m  the 
layers  sintered  tor  three  hours,  is  incapable  of  accounting  for  rhe  observed  strengths.  The  three 
samples  did  not  exhibit  any  increase  in  strength  compared  to  the  monolithic  Cfe-ZtO, 
material,  even  though  the  modulus  difference  was  likely  even  grearer.  due  to  the  increased  density 
of  the  sutlitce  maErial.  Tims,  while  the  modulus  argutnent  should  be  retained  as  a  possible 
explanation,  and  .should  be  addressed  In  a  more  rigontus  fashion  in  any  litture  wodt  on  this 


sysleiit.  ii  does  lutt  invalidate  the  earlier  claim  that  the  two-hour  trilayers  seemed  to  display 
composite  sirengih  behavior. 
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V.  T-CURVE  MOPFXINC 


In  the  previous  section,  some  qualitative  descriptions  were  olfered  in  explanation  for  the 
trilayer  composite  indentation  strength  results.  This  section  will  present  a  more  detailed, 
quantitative  explanation  for  the  observed  strength  behavior.  First,  the  relation  between  toughness 
and  strength  behavior  will  be  discussed.  Then,  the  development  and  results  of  a  new  T-curve 
model  will  be  presented.  Finally,  an  alternative  model  wiU  be  described. 

A.  T-curves  and  Strength. 

The  strength  response  of  any  material  can  be  explained  on  the  basis  of  its  toughness.  As 
described  in  Section  I.  a  crack  is  in  a  state  of  equilibrium  when  the  crack  driving  forces  are 
balanced  by  the  crack  resisting  forces: 

=  T(c)  (1) 

where  K/^  is  the  net  applied  stress  intensity,  and  T(c)  is  the  sum  of  till  material-associated  crack 
resistance  tenns  (i.e.  the  toughness  curve).  If  >  T(c).  the  crack  will  grow.  The  crack  may 
grow  stably  for  .some  time  before  fracture,  or  unstably,  resulting  in  immediate,  catastrophic 
fracture.  Whether  the  crack  extends  stably  or  unstably  depends  on  the  relative  shapes  of  the  K^fc) 
and  T(c)  functions.  The  condition  required  for  unstable  fracture  is  given  by 

dK^/dc  >  dT(c)/dc.  (2) 

The.se  two  criteria,  etjuations  (1)  jmd  (2),  can  be  used  to  predict  fracture,  and  hence  strength,  on 
the  basis  of  the  loading  configuration  and  the  material  toughness  characteristics.  Figure  V.  I 
depicts  the  T-curve.  T(c),  of  a  liypothetical  material,  for  which  T(c)  =  constant.  Superimposed 
on  this  plot  are  several  loading  lines,  representing  states  of  increasing  applied  stress  intensity  (K^ 

=  \j/o„c‘'^).  A  crack  of  size  Cl  will  extend  unstably  as  .soon  as  exceeds  the  material  toughness. 
becau.se  the  second  condition  (Eq.  2)  is  also  met  at  the  same  time;  tuid  the  material  will  exhibit 
a  fracture  strength  given  by  0;,  (Fig.  V.l).  The  crack  of  size  C2  will  also  extend  unstably  as  soon 
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strength  re.sponse  '  and  would  display  th 
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as  >  T.  but  this  fracture  occurs  at  a  much  lower  level  of  applied  stress  than  for  Cl.  This 
material  is  therefore  described  xs  flaw  sensitive,  with  the  strength  falling  as  initial  crack  size 
increases. 

Figure  V2  shows  the  T-curve  for  a  different  hyptithetical  material,  one  with  a  crack  size 
dependent  toughness.  This  material  exhibits  increasing  crack  resistance  with  crack  growth. 
Superimposed  on  this  plot  are  again  several  loading  lines.  This  time,  a  crack  of  size  Cl  extends 
siablv  when  exceeds  the  material  toughness,  because  dK^/dc  <  dT/dc.  The  slope  of  the  T- 
curve  is  greater  than  the  slope  of  the  loading  cuive.  Stable  crack  growth  continues  with  increasing 
applied  stress,  until  C2  is  reached.  At  C2,  the  K^  =  T(c),  and  the  crack  driving  force  is  increasing 
faster  than  the  material's  resistance  to  fracture.  Thus,  C2  represents  the  crack  size  at  instability, 
and  the  applied  stress,  o,.  is  the  fracture  strength.  AU  flaw  sizes  from  Cl  to  C2  will  grow  stably 
until  fracture  occurs  at  C2.  and  all  will  have  the  same  fracture  strength.  This  material  is  therefore 
described  as  'flaw  tolerant',  with  the  strength  being  independent  of  flaw  size,  within  the  range  of 
CO  to  C2.  Flaws  bewteen  CO  and  Cl  will  begin  growing  unstably  (sometimes  called  'pop-in'), 
but  will  arrest  on  the  rising  portion  of  the  T-curve,  and  grow  stably  to  C2. 

From  the  preceeding  discussion,  it  should  be  clear  that  knowledge  of  the  T-curve  allows 
prediction  of  strengtlt.  However,  for  many  ceramics  the  rising  portion  of  the  T-curve  occurs 
substantially  in  the  domain  of  small  flaw  sizes.  This  makes  direct,  experimental  measurement  of 
the  T-curve  very  difficult.  Conventional  toughness  measurements  (DCB.  SENB,  compact  tension, 
etc.)  require  starter  cracks:  and  it  is  very  difficult  to  produce  starter  cracks  smaller  than  about  500 
urn.  Thus,  any  portion  of  the  T-curve  which  faUs  in  the  range  of  small  flaw  sizes  cannot  be 
assessed  by  these  conventional  toughness  techniques.  This  presents  a  dilemma,  as  all  segments 
of  the  T-curve  represent  valuable  infonnation.  Indeed,  the  danger  of  ignoring  the  small  flaw 
domain  is  significiml.  since  predictions  based  upon  extrapolations  from  the  large  flaw  domain  may 
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overestimate  the  strength  tor  smaller  flaws. 

The  indentation  strength  test  essentially  provides  strength  data  as  a  hinction  of  crack  size, 
and  can  therefore  be  used  to  indirectly  evaluate  the  T-curve  in  the  critical  small  flaw  size  domain. 
This  method  involves  computer  fitting  of  the  experimental  strength  data,  by  guessing  the  T-curve 
and  detennining  how  weU  that  guess  was  able  to  ’predict’  the  measured  strengths.  The  trial  T- 
curve  is  then  incrementally  adjusted,  until  the  variance  between  the  predicted  and  experimental 
strengths  no  longer  changes  with  further  adjustments  in  the  T-curve  parameters. 

There  are  significant  limitations  to  this  type  of  T-curve  evaluation.  The  end  result  is 
simply  a  T-curve  which  produced  a  good  fit  to  a  set  of  strength  data.  That  T-curve  is 
characterized  by  a  number  of  adjustable  parameters,  which  may  or  may  not  have  some  relation 
to  microstruciural  variables.  Ideally,  the  T-curve  would  be  characterized  by  material  properties, 
so  that  knowledge  oi  those  properties  would  allow  a  priori  specification  of  the  T-curve 
parameters.  This  would  minimize  the  number  of  unknown,  adjustable  parameters  used  in 
computer  fitting  of  subsequent  T-curves  for  similar  materials.  The  model  would  then  be  able  to 
account  for  alterations  in  the  microstructure  or  processing,  without  requiring  a  completely  new, 
computer  T-curve  evtiluation.  Finally,  it  should  be  noted  that  whether  the  T-curve  parameters  bear 
any  relation  to  material  properties  or  not.  it  is  quite  possible  that  an  alternative  T-curve  model 
characterized  by  a  different  set  of  adjustable  parameters  could  produce  as  good  a  fit.  Thus,  it  is 
important  to  bear  in  mind  that  goodness  of  fit  does  not  constitute  proof  of  the  particular  model 
used  in  calculating  the  T-curve. 

B.  Genera!  Approach  to  T-curve  Modeling. 

This  section  wiU  explain  in  greater  detail  the  approach  taken  in  the  T-curve  modeling. 
Consider  a  Vicker's  indentation  crack  growing  under  the  influence  of  an  applied  stress.  The  crack 
experiences  a  net  applied  .stre.ss  intensity,  given  by 
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Ka  =  K,  +  K,  =  V|/ac‘^  + 


(3) 


where  K,  is  the  stress  intensity  clue  to  the  applied,  external  load.  ;md  K,  is  the  residual  stress 
intensity  field  ol  the  indentation.  \j/  and  %  are  constants  characterizing  the  applied  field  and 
residual  field,  respectively  (y  =().77.  x  =  0.076).  The  values  selected  for  y  and  x  are  taken  from 
the  results  of  Braun,  ct.  al.,  (1992)  who  calibrated  these  parameters  for  very  similar  alumina  and 
A1,0,  +  AhTiO,  matenals:  and  the  x  value  is  also  consistent  with  the  original  calibration  of 
Anstis.  a.  al.  (I98i).  tor  a  wide  range  of  materials.  At  equilibrium,  the  net  applied  field  is  equal 
to  the  intrinsic  material  resistance  to  crack  growth.  T,„  i.e. 

K,  =  K,  +  K,  =  T„  (4) 

Any  microstructure-associated  stress  intensity  fields  (e.g..  a  closure  field  giving  rise  to  T-curve 

behavior),  K, ,  further  modify  the  equilibrium,  and  must  be  included  in  the  analysis.  Thus,  in  the 
presence  of  such  a  field. 

+  Kr  +  =  Tn  ^5) 

When  the  microstructural  field  acts  as  a  crack-resisting  field,  rather  than  a  crack-driving  field,  it 
is  appropriate  to  group  it  together  with  Tnt 

+  1C,  =  T„  -  (g) 

The  .set  of  crack-resisting  tenns  on  the  right  side  of  Eq.  (6)  is  called  the  T-curve.  T(c).  It  is  by 
uianipulating  the  various  tenns  of  this  equation  that  the  T-curve  may  be  extracted  from  the 
experimentally  measured  .strength  data.  The  extraction  is  complete  when  a  computer-generated 
T-curve  is  able  to  predict  the  observed  strengths. 

The  T-curve  program  predicts  the  observed  strengths  by  solving  Eq.  (6)  for  the  applied 

stress  as  a  ftmetion  of  crack  .size,  for  each  indent  load  tested.  U.sing  appropriate  substitutions  from 
Eq.  (3)  :md  (6), 

ctn(c)  =  (  T(c)  -  xPe'-’'^  I  /  yc'^  f-j\ 
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where  T(c)  =  Tn  •  K^.  Neither  To  nor  are  known.  In  the  computer  fitting.  To  is  an  adjustable 
parameter.  contains  adjustable  parameters,  and  is  based  on  the  solution  (Uwn  &  Fuller.  1984;  Tada. 
Paris.  &.  Irwin.  1985)  for  an  embedded,  strip-loaded,  penny-shaped  crack  (see  Figure  V3): 

K,  =  -)|/o,c'«  { 1  -  2(b/c)‘«  +  (b/c)}  (8) 

where  v|/  is  the  same  geometrical  constant  as  in  the  applied  field.  O;  is  a  constant  closure  pressure 
acting  on  the  crack  wake,  and  b  is  the  distance  tiom  the  surface  at  which  that  closure  stress  begins 
to  act.  Thus,  the  crack  wake  is  assumed  to  contain  a  pressurized  strip,  acting  over  a  distance 
extending  from  b.  up  to  the  crack  tip.  Both  of  these  (Oc  and  b)  are  adjustable  parameters.  Finally, 
a  steady  state  crack  size.  c*.  was  included  in  the  model  to  allow  the  microstructural  field,  K^,  to 
reach  a  saturation  level,  beyond  which  it  remains  constant  (the  closure  wake  zone  translates  with 
the  crack  tip).  This  c*  is  the  fourth  and  final  adjustable  parameter.  (An  alternative  solution 
was  also  used  to  model  the  T-curves,  and  will  be  discussed  in  part  D,  below.) 

Figure  V4  illustrates  the  basic  geometry  of  this  model  for  a  range  of  crack  sizes,  in  a 
monolithic  material  (for  simplicity).  From  this  figure,  four  different  domains  of  crack  growth  may 
be  defined.  When  the  crack  is  smaller  than  the  closure  pressure  depth,  b,  the  microstructural 
stress  field  has  not  yet  been  activated,  and  the  material  toughness  is  constant  (To).  After  growing 
beyond  b.  the  microstructural  elements  in  the  crack  wake  begin  to  exert  their  closure  stresses,  and 
the  microstructural  contribution  to  the  toughness  is  given  by  Eq.  (8).  At  the  steady  state  crack 
size.  c*.  the  micmstructural  influence  saturates  out  to  its  maximum  value.  Beyond  c*.  the  term 
maintaias  that  siune  maxitnum  value,  as  the  most  remote  bridging  ligaments  either  disengage  or 
rupture.  With  c*  defined  in  this  way.  the  T-curve  truncates  abruptly  at  c*.  rather  than  approaching 
the  steady  state  value  in  an  assymptotic  manner.  Tliis  physically  unrealistic  aspect  of  the  model 
is  an  unavoidable  consequence  of  the  linear  description  of  this  inherently  nonlinear  crack  system. 
The  closure  zone  defined  for  this  stress  intensity  facmr  solution  is  shown  in  its  proper  form  in  Fig. 
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V4,  domains  1-3.  Beyond  the  steady  state  crack  size,  however,  ihis  zone  shape  cannot  be 
maintained  in  a  real  material.  The  concept  ot  a  steady  state  wake  zone  translating  with  the 
advancing  crack  tip  simply  cannot  be  accomodated  by  this  K-factor  solution,  in  a  physically 
realistic  manner.  The  more  realistic  zone  shape  is  illustrated  in  Fig.  V4.  domain  4.  and  the  steady 
state  zone  K-tactor  associated  with  this  configuration  is  assumed  to  be  reasonably  approximated 
by  the  maximum  K^,  at  c*.  The  alternatives,  other  than  abandoning  this  stress  intensity  factor 
solution,  were  to  allow  to  increase  without  limit  (no  c*^  at  all),  or  to  aUow  a  steady  state  zone 
of  constant  width  (c*  -  b)  to  translate  with  the  advancing  crack  front.  The  first  is  clearly 
inadequate,  and  the  second  would  result  in  a  steadily  diminishing’  zone  size  (and  hence,  toughness 

contribution),  beyond  c*.  which  is  also  unsatisfactory.  These  alternatives  are  illustrated  in  Figure 
V5. 

Once  the  four  adjustable  parameters  have  been  assigned  a  value  within  the  T-curve 
progratn.  the  toughne.ss  may  be  calculated  for  any  crack  size.  The  heart  of  the  computer  program 
is  a  crack  size  loop,  in  which  Eq.  (7)  is  solved  for  each  crack  size.  As  the  crack  size  increments 
upward,  the  stre.s.s  values  are  tracked  by  a  simple  IF  test*,  and  the  maximum  stress  is  labeled  the 
strength,  tor  each  indent  load.  The  calculated  strengths  are  compared  to  the  measured  strengths, 
and  the  quality  ol  fit  is  determined  with  a  variance  calculation,  summed  over  the  entire  set  of 
tested  indent  loads,  with  the  calculation  weighted  toward  the  loads  having  the  most  experimental 
data.  Tlie  variance  is  continuously  monitored,  and  the  best  fit  values  of  the  adjustable  parameters 
are  redefined  as  necc.s-.sary.  Then  the  adjustables  are  incremented,  and  ihe  cycle  is  repeated. 

One  ol  (he  primary  means  ol  assessing  the  T-curve  models  was  the  variance,  which  was 


All  IF  le.sl  1.S  a  FORTRAN  programming  tool  which  compares  the  values  of  two  variables.  What  happens  next  in 
the  program  depends  on  the  results  of  that  comparison.  In  the  present  case,  the  current  value  of  the  applied  stress  is 
compared  i„  the  maxtinum  value  calculated  up  to  that  point,  and  IF  the  current  value  is  greater  than  the  previous 
inaximujn.  liic  cuncni  strc-s.s  is  defined  as  the  new  maximum  stress. 
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calculated  according  to  the  toUowing  relation: 

Var  =  2  [  .  CT,„^/(n/N)  }/(np  -  1 ) 

Where  n  wa.  the  nutnher  of  satnples  broken  at  a  given  indent  load:  N  was  the  total  number  of 
samples-  broken:  np  was-  ,be  ,o.ai  nu^bero,  indent  loada  ieaied.  and  was  dbe  avenge  snengrt 
value  for  a  given  indenr  load.  The  nnmber  pmdueed  by  d.is  calculaiion  .nay  be  viewed  as  the 
average  percemage  difle^ce  between  .neasured  and  calcnlaied  snengte,  squared.  (T„us,  a 
vanance  of  16  would  indicaB  an  average  of  4%  difference  between  measured  and  calcuiamd 
strengdrs.)  TTte  FORTRAN  codes  for  these  T-curve  progtams  me  given  in  Appendix  11. 

An  alteniative  modeling  scheme  will  be  discussed  in  pan  D.  In  which  the  mrcnrsmictund 

Closure  Held  is  desePbed  by  discrete  are-shaped  line  torces  applied  at  a  lixed  distance  behind  dte 
crack  tip. 

C.  Results  From  The  Linear  Strip  T-curve  Model. 

re  were  two  mam  methods  by  which  this  model  (Figures  V3  and  V4)  was  applied- 
(0  .n  the  simplest  case,  the  tPlayer  composites  were  modeled  as  if  the  surface  layer  matehal 
exhtbited  no  T-curve  behavior.  The  surtace  layer  thiclmess  was  associated  with  the  b  tenn.  The 
second  level  of  complexity,  (2),  allowed  Ibr  a  T-curve  conthbution  from  d.e  surface  rnatehm. 
Wim  .his  rnerhod,  ihe  surface  and  bulk  rnamri^s  shared  me  same  T„  value,  but  each  possessed 
-tar  own  b,  a.,  and  c-  v^ues.  The  homogeneous  AAT20  surface  material  wr.  evmuated  first 
(four  adjustablesl,  and  rhen  U,e  inhomogeneous  built  material  was  evaluated  using  the  T. 
detennined  for  the  homogeneous  material  (three  adjustables,.  The  bes.  fit  parameters  for  dte  two' 
AAT20  base  n.aterials  wete  then  used  (as  constants)  to  characteriae  dte  trilayer  T-cutve. 

(I)  Simples,  ca.se  -  surface  material  of  constant  toughness. 

For  this  case,  Ihe  adjustable  patametets  were  varied  within  Ihe  Ibllowing  limits: 

1-5  <  To  <  4.5  (0.05.  0.01)  MPa*in'^ 
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50  <  a,  <  450  (20.  I)  MPa 


10<b<  250  (20,  10.  1)  urn 

50  <  c*  <  2600  (200.  100)  pm 

where  the  numbers  in  parentheses  indicate  the  step  sizes  used  in  incrementally  adjust  the 
parameters  in  the  program.  The  strategy  for  determining  the  best  ht  parameters  involved  an  initial 
run  using  coarse  step  sizes,  redefining  the  limits  based  on  the  results  from  the  previous  run,  and 
repeating  the  program  with  finer  and  finer  step  sizes.  (This  was  done  to  save  computer  time.) 
These  runs  eventually  produced  the  best  fit  values  displayed  in  Table  11.  The  variance  was  16.38. 
indicating  an  approximate  average  difference  of  4%  between  measured  tmd  calculated  triiayer 
strengths. 

It  is  of  interest  to  note  that  the  best  fit  vtilue  for  b  (67  pm)  was  not  the  same  as  the 
surface  layer  thickne.ss  (104  pm).  The  fact  that  the  best  b  was  less  than  the  thickness  indicates 
that  the  surface  material  contributed  to  the  T-curve,  because  the  closure  wake  zone  began  before 
the  crack  entered  the  flaw  tolerant  bulk  material. 

The  value  for  T„  (2.26  MPaVm)  is  in  the  low  range  of  values  reported  for  similar  alumina 
materials,  using  long  crack  loughness  measurements  (Swain,  Steinbrech).  It  is  very  close, 
however,  to  ihe  T,,  values  detennined  (by  T-curve  modeling)  for  similar  alumina  materials  by 
Bennison  and  Lawn  (ivsij)  -  2.75  MPaVm.  and  by  Cook.  et.  al.  (19S7)  -  1.49  to  3.1  MPaVm. 

While  this  model  provided  a  reasonably  close  fit  to  the  experimental  strength  data,  there 
is  at  least  one  problem  with  it.  It  was  incapable  of  predicting  the  influence  of  surface  layer 
thickness  on  the  triiayer  strengths  (using  the  closure  pressure  depth  tenii,  b,  to  simulate  changes 
in  surface  thickness).  Tliis  was  most  likely  a  result  of  ignoring  the  surface  material  contribution 
to  the  T-curve.  As  di.scu.s.scd  briefly  in  section  IV.  the  surface  material  does  provide  indications 
of  T-curve  behavior,  both  in  the  indentation  strength  response,  and  in  the  radial  crack  lengths. 
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(2)  Allowing  surface  contribution. 

To  make  me  model  seem  mom  pdysMy  readsllc.  me  somace  layer  was  allowed  ,o 
con, am  .,s  own  closum  pressure  strip.  TTe  homogeneous  AAT20  srmngtPs  were  m„  mrougl,  Ure 
progratn.  with  me  adjustable  parameters  having  the  following  limits: 

^  -0  <  To  <  5.0  (0.5.  0.05.  0.01 )  MPa*m 

‘O^tJc^lVO  (20.5.1)  MPa 

5<b<125  (10.2.1)  pni 

50<c*S2450  (200.50.  20)  gm 

where,  again,  the  numbers  in  oarenthesp^  mr,™ 

parenmeses  represent  step  sizes.  The  hesl  fit  values  tor  the 

parameters  are  shown  in  Table  II.  The  T  vaJi.P  n  m  / 

C  T.  value  (2.27  MPar/m ,  was  no,  nmch  dilfeten,  fmm  mat 

obtained  above.  Ibr  the  simplest  model  fmm  rhp  r  •» 

model,  from  the  tnlayer  strengths.  The  variance  for  the 

homogeneous  AAT20  was  4  57  th- 

-  4.5..  The  tndentauon  stmngm  msponse  as  calculated  by  mis  model 

■a  compamd  to  the  ezpertmentally  measumd  data  In  Figure  V.b.  „  may  he  seen  mat  m=  «,  Is 

tlutte  good.  Alter  me.se  be.s,  ,1,  values  wens  detemtined,  me  inhomogeneous  AATO  snengms 

were  run  through  the  program,  forcine  T  m  Hp  tHp 

cing  T„  to  be  the  same  as  for  the  homogeneous  material.  The 

adjustable  parameters  had  the  following  limits: 

50  <  a,  <  330  (10.2.1)  MPa 
20^b<500  (10.5.1)  gm 

800  <c*<  2000  (100.20)  gm 

The  best  lit  v;ilues  are  again  disnlaveri  in  ToWp  n  i 

is  displayed  m  Table  11.  It  may  be  seen  that  the  values  for  b  and  a. 

are  considerably  larger  in  the  more  flaw  tolenm  inh 

tolerant,  inhomogeneous  AAT20.  Tlie  variance  for  this 

iiiiitcrjul  vvns  7  ()4  PitTnrp*  \/  *7  i 

isp  ays  e  computed  strength  re.spon.se  together  with  the 

experimentally  inetLsured  values,  and  again  the  fit  is  good  THp  t 

S  me  rit  is  good.  The  T-curves  calculated  by  the  model 

lor  the  two  base  materials  are  shown  in  Fig.  v.8. 


)geneous  AAT20  base  material.  Symbols 


and  error  bars  represent  experimentally  measured  strengths:  and  the  solid  line  represents  the  values 
calculated  by  the  linear  strip  T-curve  model,  using  method  1(d).  Best  fit  parameters  were  To  = 
2.27  MPa’"!!!''";  =  95  MPa:  b  =  28  pm:  and  c*  =  1180  pm. 


Sd  em^  behavior  of  the  inhomogeneous  AAT20  base  material  Symbols 


were 
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These  best  ti,  paratnetent  torn  the  base  matenals  were  then  used  as  constants  to  define 
.he  trilayer  contpostte  T-curve.  Using  this  T-curve.  the  trilayer  strengths  were  calculated,  and  the 
variance  between  calculated  and  measured  strengths  was  tound  to  be  15.83.  The  calculated  and 
experimental  trilayer  strengths  are  plotted  together  in  Figure  V.9.  for  lunher  comparison.  This  fit 

IS  good,  but  IS  only  a  .slight  itnprovement  over  the  fit  obtained  by  the  simpler  model.  The  trilayer 
composite  T-curve  is  shown  in  Figure  V.IO. 


The  T-cutve  models  can  be  evaluated  on  the  basis  of  more  than  just  strength  predictions. 

The  model  can  predict  ctack  sizes  at  fracture  (simpiy.  Ute  ctack  size  cotresponding  to  the 

maximutn  stress,  i.  c.  the  strength),  and  can  assess  the  effect  of  the  .surface  layer  thickness 
irilayer  strengths. 


on 


The  critical  crack  size  predictions  were  compared  to  some  known  crack  sizes  at  failure 
in  .similar  materials.  Braun,  ct.  ai..  have  conducted  /„  si,u  crack  growth  observations  during 
biaxial  fiexure  testing  of  indented  alumma  and  (AKO,  *  Al.TiO,)  matenals.  in  order  to  dirccUy 
measure  the  applied  stress  as  a  ftinction  of  crack  size  (which  was  miculared  in  the  T-curve 
models,  using  Eq.  (7)).  The  final  crack  sizes  they  reported  tor  materials  .similar  to  the  two  AATZO 
base  ntaterials  contpare  quite  well  with  the  predictions  fmm  the  T-cutve  model .  tut  long  as  no  c* 
cutoff  is  used  (.see  Table  111).  The  predictions  from  methods  ,  1 )  and  (2).  desenbed  above,  which 
used  a  c*  tettn.  do  ra.i  anttpare  quite  as  well  to  the  measured  crack  sizes,  although  they  are  still 

reasonable.  The  T-cume  model  thus  seems  to  produce  satisfactory  descriptions  of  both  strength 
and  crack  size  behavior. 


The  simplified  T-cutve  model  (no  surtace  contribution)  was  unable  to  account  for  the 
mfiueitce  of  surface  layer  thickness  on  trilayer  strength  re.spotise.  whether  a  c*  terai  was  included 
or  not.  Tlte  model  which  did  allow  fora  surtace  inlluence  on  ihe  T-cutve  was  able  to  describe 
variations  m  the  indcniation  strength  behavior  as  a  fttnetion  of  layer  iltickness.  with  tttoderate 
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Figure  V.9.  Indentation  strength  behavior  of  the  AAT20  trilayer  composites  having  layer 
thickness  of  104  uni.  Symbols  and  error  bars  represent  experimentally  measured  strengths:  solid 
line  represents  strength  values  calculated  by  the  linear  strip  T-curve  model,  using  the  best  fit 
panmieters  from  the  two  base  materials  (see  Figure  V.8.  and  Table  II). 
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success.  Strength  predictions  of  the  model  are  shown  in  Figure  V.  1 1  lor  a  variety  of  surface  layer 
thicknesses.  The  trends  in  strength  response  were  reasonably  accounted  for,  but  the  actual 
predicted  strength  values  often  fell  outside  the  experimental  scatter.  Tlie  model  was  best  able  to 
describe  the  thickness  effect  for  the  extremes  of  very  thin  and  very  thick  surface  layers.  For  a  1 
urn  surface  layer,  the  calculated  strengths  were  nearly  the  same  as  for  the  bulk  inhomogeneous 
AAT20;  and  for  a  1000  pm  layer,  the  computed  trilayer  strength  curve  fell  essentially  onto  the 
surface  material  strengths.  For  the  thicknesses  which  were  actually  evtiluated  experimentally,  the 
model  provided  only  a  fair  match,  predicting  (for  example)  higher  large  Haw  strengths  for  the  169 
pin  samples  than  were  actually  measured.  It  would  be  interesting  to  gather  more  strength  data  for 
these  thickne.sses.  and  for  a  few  larger  thicknesses  (e.g.  500  pm  and  1000  pm)  in  order  to  more 
completely  evaluate  the  ability  of  the  iiiodel  to  account  for  thickness  effects.  The  most  obvious 
shortcoming  illustrated  by  Fig.  V.Il  is  the  strength  predictions  of  the  model  for  smaU  indent 
loads,  as  surface  layer  thickness  decreases.  The  model  predicts  much  higher  small  flaw  strengths 
than  were  observed.  ;ind  this  is  a  result  of  the  dominance  of  larger  flaws  in  the  underlying  bulk 
material.  The  trilayer  model  is  therefore  seen  as  being  incapable  of  accounting  for  the  transition 
between  indentation  Haw  controlled  strengths,  and  natural  flaw  controlled  strengths.  This  point 
will  be  disscu.sscd  in  more  detail,  below. 

The  precceding  discussion  dealt  with  how  well  the  model  was  able  to  account  for 
experimentally  measured  strength  trends.  Useful  models  are  able  to  not  only  describe  observed 
behavior,  but  to  predict  it  before  the  fact.  Furthennore.  a  model  should  be  able  to  suggest 
experimental  strategics.  In  particular,  it  would  be  of  considerable  benefit  if  the  T-curve  model 
were  able  to  predict  the  optimal  surface  layer  thiclcness.  based  on  the  properties  of  the  two 
monolithic  materials,  before  an  extensive  trial-and-error  development  effort  were  undertaken.  The 
simple  approach  for  predicting  the  optimal  thickness  was  described  in  section  II.  and  it  produced 
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an  excellent  match  between  the  predicted  and  actual  optimum  thickness.  However,  the  zireonia 
system  demonstrated  that  this  prediction  technique  may  not  be  generally  applicable.  A  need 

therelore  exists  for  a  better  thickness  prediction.  Ideally,  the  T-cuive  program  would  be  able  to 
provide  this. 

The  predictive  ability  of  the  trilayer  T-curve  computer  program  was  evaluated  by 
calculating  indentation  strength  curves  for  a  wide  range  of  surface  layer  thicknesses,  using  the  best 
fit  parameters  irom  the  two  base  materials.  The  resulting  curves  were  then  examined 
(qualitatrvely)  for  evidence  of  optimum  composite  strength  behavior.  K  quickly  became  clear  that 
the  model  was  tible  to  narrow  the  range  of  potential  thicknesses,  particularly  by  eliminating  the 
larger  thicknesses  from  contention,  but  that  obtaining  a  clearly  optimum  thickness  in  this  manner 
would  be  difficult.  Below  about  300  pm  thickness,  the  strength  curves  were  all  similar.  50  pm 
changes  in  the  thickness  resulted  in  differences  in  the  large  flaw  strengths  of  only  a  few  MPa. 
Further  complicating  the  problem  was  the  predicted  strengths  at  small  indent  loads,  for  the 
smallest  layer  thicknesses.  Experience  has  shown  that  the  dominance  of  large  flaws  in  the 
underlying  bulk  material  prevents  indent-controlled  fracture  at  small  P.  when  the  surface  layer  is 
thin.  This  is  an  effect  which  the  model  (as  presently  configured)  cannot  predict,  and  this  has 
significant  consequences  for  the  computed  strength  behavior.  For  example,  the  model  predicts  3N 
strengths  of  over  300  MPa,  whether  the  surface  layer  thickness  is  100  pm  or  30  pm  (see  Fig. 

V.l  1),  even  though  a  30  pm  sample  would  never  fail  from  a  3N  indentation  crack  (i.e.,  a  30  pm 
sample  would  have  a  much  lower  3N  strength,  see  Fig.  IV.6).  Thus,  if  the  optimum  thickness 
were  lo  be  estimated  in  this  manner,  a  large  degree  of  subjectivity  would  necessarily  be 
introduced.  The  .small  flaw  region  would  have  to  be  ignored,  or  assigned  less  importance  than 
the  large  flaw  region.  Clearly,  this  is  unsatisfactory. 

A  more  objective,  quantitative  approach  yielded  somewhat  more  acceptable  results.  If  the 
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bai-e  iiiaierial  siraglb  responses  are  well  characterized  throughout  llic  range  ol  imleniation  loads, 
then  an  opinnum,  p,„e„,M  trilayer  composite  .strength  response  can  be  defined.  The  potential 
strength  curi.e  would  simply  adopl  the  highest  measured  strength  of  the  iwo  base  materials  at  each 
indent  load.  If  this  sci  of  poienlial  strength  data  were  then  input  lo  Ihe  trilayer  T-curve  program, 
using  the  be.si  fi,  parameieni  of  the  two  base  marerials,  ahd  aUowing  the  layer  rhickness  to  vary, 
Ihen  a  variance  calculation  can  be  used  to  compare  the  predicted  strengths  to  the  potential  trilayer 
strengths.  The  thlcltne.ss  producing  the  minimum  variance  would  be  identified  as  the  predicted 
optimal  surface  layer  ihicldiess.  This  method  predicted  an  optimal  surtacc  layer  thickness  of  170 
um  for  the  AAT2I)  sysiem,  afier  comparing  thicknesses  between  30  and  1000  um,  at  10  pm 
intervals  (variance  was  17.251.  Figure  V,12  compares  the  strengths  for  the  potential-  trilayer  (i.e., 
using  ihe  highesi  strcngili  from  the  two  base  materials,  for  each  P)  with  the  strengths  predicted 
by  the  Tnturve  program  (melhod  (2)).  lor  this  ■opnmuni'  trilayer  (surfiice  layer  Utickness  of  150 
pm|.  TItis  is  a  .significam  improvement  over  the  prediction  technique  described  in  the  preceeding 
paiagritph,  but  is  nol  an  improvement  over  the  slraptesl  approach  described  in  section  II. 

D.  Alernative  Model:  Arc-Shaped  Line  Forces 

An  obvious  extension  of  the  modeling  discussed  above  is  to  choose  an  alternative  stress 
intenstiy  factor  solution  to  model  the  microstmctural  Held.  K,.  In  this  alternative  model,  the  crack 
wake  is  subjected  to  loading  by  an  arc-shaped  closure  force.  The  arc-shaped  closure  force  is 
thought  to  better  represent  the  geo.netty  of  a  growing,  half-penny  shaped,  indent  crack.  especiaUy 
with  respect  to  the  steady  state  crack  size  configurations  discussed  earlier  (iUustiated  in  Figures 
V4  and  V.5).  This  K,  w;is  obtained  from  solution  24.4  of  The  Stre.ss  Analysis  of  rmrirc 
HandhsM (Tatia.  fam.  Irwiii.  ,983).  which  is  shown  in  Figure  V.I3.  Solution  24.4  provides  the  stress 
intensity  factor  for  an  embedded,  penny-shaped  flaw  containing  an  arc-shaped,  constant  line  force 
of  magnitude  P.  The  line  force  is  applied  to  the  crack  face,  nonnal  to  the  crack  plane,  and  is 
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Figore  Vol3»  Alternative  formoiation  is  based  on  Solution  24.4  from  The  Stress  Analysis  of 
Cracks  Handbook  (Tada,  Paris,  Irwin,  1983).  The  K-factor  given  above  is  for  an  embedded, 
penny-shaped  crack  of  radius,  a,  lying  in  the  XY  plane,  and  subjected  to  crack  face  loading  by 
the  line  force  of  magnitude  P.  This  line  force  is  applied  nonnai  to  the  crack  plane,  at  a  radial 
distance,  b,  and  is  distributed  over  an  arc  of  half-angle,  a. 


Monolithic  Base  Material 


Trilayer  Composites 


£  ctj  -  tan  ^((csintti  -(5^  /sina^  )/t} 
2a  =  7t/2  -  a,  +  e 
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further  defined  by  the  arc  half-angle,  a.  and  the  arc  radius,  b.  The  stress  intensity  (at  A  in  Fig 
V.13)  is  given  by 


n\/‘Ku.\ja  -o 


(10) 


where  P  is  in  N/in.  and  a  is  crack  size.  In  this  model,  there  are  three  adjustable  parameters.  Tg 
as  before;  P.  the  constant  line  force:  and  b.  the  radial  distance  from  the  center  of  the  indentation, 
at  the  .surface,  to  the  point  where  P  begins  to  act.  Rather  than  model  the  line  force  at  a  fixed  b 
position  from  the  surface,  however,  it  is  believed  that  the  physics  of  the  growing  crack  is  better 
represented  by  setting  the  line  force  at  a  fixed  distance.  5.  behind  the  crack  tip.  so  that  the  closure 
force  may  translate  forward  with  the  advancing  crack  front.  Thus,  the  microstructural  stress 
intensity  factor  is  redefined  as 


^3/2^1/2qI/2^2G-6)‘'^ 
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where  5  =  a  -  b.  With  redefined  in  this  way.  8  replaces  b  as  an  adjustable  parameter  in  the 
computer  modeling.  This  is  iUustrated  in  Figure  V.14.  for  cracks  growing  in  monolithic  and 
composite  materials.  No  arbitrary  imposition  of  a  steady  state  crack  size  is  required  in  this  model; 
for  large  crack  sizes  (a  ))  5).  this  fCj,  approaches  a  constant  value,  given  by 

=  pV2/(7t5)''"- 

which  corre.sponds  lo  the  steady  state  toughness  (sometimes  called  T„'). 

This  model  was  applied  foUowing  the  same  strategy  as  described  for  the  linear  strip  model 
(method  2  only).  First,  the  T-curve  characteristics  of  the  two  base  materials  were  evaluated. 
Then,  tliese  T-curve  panuneters  were  used  to  define  the  trilayer  T-curve.  The  homogeneous 
AAT20  strength  data  were  run  through  the  program,  using  the  following  ranges  and  step  sizes  for 


the  adjustable  parameters: 
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Figure  V.16.  T-curves  corresponding  to  the  best  fit  parameters  (Table  0)  for  the  base  materials, 
calculated  by  the  arc-forces  model.  The  dashed  lines  represent  the  steady  state  toughness.  T„. 
These  T-curves  produced  the  strength  predictions  shown  in  Figure  V.  14. 


2.0  <  To  <  3.0  (0. 1 ,  O.OI )  MPaVm 

10<P<100  (10.  1)  kN/m 

I0<5<510  (50.5)  pm 

The  best  fit  values  are  shown  in  Table  II.  and  the  variance  was  9.55.  The  variance  indicates  a 
slightly  worse  fit  to  the  strength  data  than  was  obtained  using  the  linear  strip  model.  These  best 
fit  parameters  give  a  steady  state  toughness.  T_.  of  3.99  MPaVm  (calculated  by  adding  the  result 
from  Eq.  (12)  to  To).  The  inhomogeneous  AAT20  strengths  were  then  run  through  the  program, 
using  the  same  To,  with  the  following  ranges  and  step  sizes: 

26<P<  200  (1)  kN/m 

150<5<  650  (1)  pm 

Best  fit  values  are  shown  in  Table  II.  The  variance  was  9.32.  which  is  again  slightly  worse  than 
obtained  Irom  the  linear  strip  model  for  this  material.  These  parameters  produced  a  T_ 
value  of  6.76  MPaVm.  an  increase  of  about  300%  over  To.  The  strengths  predicted  for  the  two 
base  niatenals  are  compared  to  the  experimentaUy  measured  values  in  Figure  V.15.  and  the  fits 
arc  seen  to  be  quite  good.  The  T-curves  produced  by  this  model  are  shown  in  Figure  V.16. 

The  best  fit  parameters  from  the  base  materials  were  then  used  as  constants  to  define  the 
trilayer  composite  T  curve.  This  T-curve  produced  strength  predictions  with  a  variance  of  32.42 
compared  to  the  experimentally  measured  values  (i.  e..  average  differences  of  -6%).  Wlule  this 
variance  is  a  bit  higher  than  that  produced  by  the  other  model  (differences  of  -4%).  the  fit  to  the 
strength  data  is  still  quite  good,  as  shown  by  Figure  V.17.  The  trilayer  composite  T-cuive  is 
shown  in  Figure  V.  IS.  The  sharp  peak  in  toughness  a.  a  crack  size  of  259  pm  corresponds  to  the 
tran.sition  between  having  a  semicircular  line  force  in  the  surface  layer.  :md  two  arc-shaped  line 
forces  extending  from  the  surface  down  to  the  material  interface.  The  significance  of  259  pm  is 
that  It  IS  the  crack  length  equal  to  the  layer  thickness  (104  pin)  plus  the  surface  material’s  closure 
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Figure  V.17.  Strengths  predicted  by  the  arc-forces  T-curve  model  (solid  line)  for  the  AAT20 
trilayer  composites  (surface  thickness  of  104  pm),  compared  to  the  experimentally  measured 
values  (symbols  ;uid  emir  bars).  The  hatched  band  al  left  shows  ihe  strengths  measured  for 
natural  flaws  (i.e.  unindented). 
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Figure  V.I8.  T-curve  for  the  rm. 
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Ffigure  V.19.  Strength  predictions  of  the  arc-forces  T-curve  model,  for  a  range  of  surface  layer 
thicknesses,  using  the  best  tit  parameters  detennined  for  the  two  base  materials.  The  trends  are 
reasonably  well  accounted  for.  and  are  very  similar  to  the  predictions  of  the  linear  strips  model, 
shown  in  Figure  V.  II. 
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force  lag  distance,  5  ( 155  pm).  Thus,  for  the  trilayer  composite,  the  surface  material  closure  force 
is  allowed  to  extend  as  a  full  half-penny  shaped  arc,  until  that  line  force  has  reached  the  interface. 
Then,  the  semicircular  line  force  pinches  off  into  two  separate,  smaller  arcs,  symmetrically  placed 
within  the  surface  layer  on  opposite  sides  of  the  indent  (see  Figure  V.14). 

There  was  no  real  difference  between  the  two  models  in  their  ability  to  pridict  the  crack 
sizes  a  failure,  or  in  their  ability  to  account  for  the  influence  of  surface  layer  thickness  on  the 
composite  strength  response.  The  strength  predictions  of  this  model  are  shown  in  Figure  V.19, 
for  a  range  of  surface  layer  thicknesses.  It  may  be  seen  that  the  thickness  trends  predicted  by  this 
model  are  very  similar  to  those  from  the  linear  strip  model  (Fig.  V.1 1). 

E.  Summary 

The  main  conclusion  to  be  drawn  from  these  modeling  exercises  is  that  the  trilayer 
composite  strength  and  toughness  can  be  described  from  tlie  T-curves  of  its  constituent  materials. 
Two  different  K-lactor  solutions  were  used  to  model  the  closure  tractions  exerted  on  the  crack  tip 
by  the  microsiructure.  Each  of  these  K-factors  was  able  to  provide  an  excellent  fit  to  the 
monolithic  base  material  strength  behavior:  however,  certain  objections  may  be  raised  about  the 
physical  significance  ol  ihe  linear  strip  model,  especially  regarding  its  description  of  steady  state 
crack  size  configuraiions.  These  objections  are  certainly  legitimate,  making  this  model  a 
somewhat  unsatisfactory  description  of  the  T-curve  behavior  of  the  monolithic  materials  (and,  by 
extension,  of  the  trilayer  composites).  However,  the  primary  focus  of  this  research  was  not  to 
describe  or  investigate  the  physical  mechanisms  controlling  T-curve  behavior  in  the  monolithic 
materials:  bui  rather,  to  investigate  what  happens  when  two  materials  possessing  different  T-curve 
characteristics  are  joined  together  to  form  a  laminated  composite.  In  this  regard,  it  is  not 
particularly  important  to  accurately  account  for  the  mechani.sms  controlling  the  individual  material 
T-curves.  In  fad,  only  cursory  references  were  made  to  the  probable  mechanism  operating  in 
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these  materials  (grain  bridging),  and  these  were  qualitative  reterenccs.  Fur  the  purposes  ot  this 
research,  it  was  suffictent  to  observe  that  the  effect  of  gram  bridging  is  to  supply  a  zone  ot  closure 
sttess.  acting  in  the  crack  wake,  to  oppose  the  crack-opemng  stresses.  This  closure  zone  was  then 
modeled  by  a  constant  compressive  stress,  and  also  by  arc-shaped  line  torces. 

That  T-curves  of  the  form  presented  here  (e.g..  Fig.  V8)  will  produce  the  observed 
tndentatton  strength  behavior  is  indisputable  -  see  Figures  V6  and  V7.  The  math  result  of  this 
modeling  section  is  that  these  individual  T-cutves  can  be  then  be  used  to  define  the  T-cutve  of 
the  trilayer  composite;  and  the  trilayer  T-cunte  so  defined  is  able  to  account  tor  the  observed 
strength  behavior  of  the  trilayer  composites.  Further  modeling  of  the  toughening  mechanism 
responsible  lor  the  base  material  T-cutves  may  result  in  a  mote  acceptable  description  of  the 
factors  contmlling  crack  gmwth,  but  would  not  provide  a  much  better  lit  to  the  indentation 
strength  behavior.  The  admittedly  unrealistic  linear  pressure  stnp  T-eurve  model  presented  here 
did  nevertheless  provide  an  excellent  strength  tit  Tins  means  that  the  true  T-cuive  for  these 
matert^  must  look  similar  to  ,he  ones  shown  in  Figures  V.8  and  V.16.  If  the  tridayer  T-eurve 
is  to  be  defined  on  the  basis  of  the  eonsUtuent  material  T-cupres.  Ihen  the  issue  of  how  those  T- 
curves  were  obtained  is  not  as  imponant  as  their  ability  to  describe  the  observed  behavior, 
indeed,  it  is  intere.sting  it,  noie  lhat  the  linear  strip  model  produced  the  better  fits  to  the  strength 
behavior  than  did  the  arc-shaped  line  force  model.  Titose  better  strength  fits  translated  direedy 
into  hetter  strength  modeling  of  the  trilayer  composites,  even  though  the  linear  strip  model  is 
considered  a  less  adequttic  description  ot  the  crack  growth  in  diese  materials  than  the  arc  model 
was.  Eventually,  Ihe  tttechamsms  controlling  die  T-cutve  behavior  in  these  materials  wlU  be  more 
aecuralely  tu.Kleled,  Tlte  work  by  Cook.  el.  al..  Chantikul.  et.  al,  Bentilsoti  and  Lawn,  and  Padture 
are  all  solid  contribullons  toward  that  goal.  This  section  has  demonstmted  lhat  those  base  matenal 
T-curves  can  then  be  used  to  define  the  T-cutve  of  a  lamlnaled  composttc. 
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VI  f-ONCLUSIONS 

.  .aa  ^  .H.aye.  .ca.n  .  capaMe  «.  proOuc,  c=.»,c 

„.a.n.s  ..c  posse.  .oU.  .oos^ess  ..  -n^.  T,.,s  eo,p«pac.o„  C  P^peeoes 

was  achieved  Mhm„  compnmiisms  on  either  one.  in  conirast  to  most  other  methods  ot  pro 

ah,ghs.reh.h.hi,ht„a*.esshodv.FortheAAr.Osystem,at,opti™a,sur.ace.^ 

Of  iw  pm  produced  the  iaghest  possible  sttehgth  levels  throughout  the  emire  range  ot  indentanoh 
loads  tested.  Thinner  surface  layem  mntlted  In  comptsites  displaying  monolllhlc  budt  maten 
pmpenies:  while  thiclter  surtace  layers  caused  the  composite  to  behave  as  motmllthlc  suPace 

maierial.  . 

.ATOO  system,  but  the  results  Hon.  the  almoma  system  Indicated  lhat  h  might  not  be  generally 
applicable.  The  alrcoma  system  had  several  complicating  lactom.  however,  so  It  m.ght  be 
reasonably  concluded  that  the  simple  estimation  is  valid  for  simpler  ceramic  systems 

possesssuchcot..pllcaUons,e.g..elastlcmodulusandlhennaleapat.lohmls^^^^^ 

surface  layer  ihlckncss  than  the  simple  appmach  oudlned  ih  Section  11. 

3  A  T-curve  model,  based  on  a  crack  wake  cohtainihg  sinps  ol  cohstanl  closure  pressu 
able  10  accouhl  lor  d,e  ol^ewed  Indehtatioh  strength  behavior  In  the  moholllhlc  base  maten.s, 
pmduclhg  a  good  fil  betweeh  measured  and  calculated  sttengdts.  A  typtcal  difference  between 

theespermteuiallymeasuredslmngdtsandmosec— by,heT.cu.emodel^ 

of  2  -  3%. 

a  An  allemaiive  T-cu.e  model.  has«l  on  a  crack  wake  containing  arc-shaped  line  lome 

;,_..s.wusalst.ah.eh.accoun,fortheob..edlndenial,ohs.^^^^ 
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model  was  coasidered  to  be  a  more  realistic  representation  of  the  microstructurai  stress  intensity 
field,  especially  in  regard  to  its  ability  to  describe  the  steady  state  touglmess  behavior. 

5.  The  T-curve  model  etnploying  pressure  strips  was  applied  to  the  iriiayer  composites  in  two 
different  ways,  and  both  produced  reasonable  fits  to  the  strength  data,  with  averaee  differences 
of  about  4%  between  measured  and  predicted  strengths.  Tlie  two  mediods  were  as  follows:  ( 1 ) 
a  simple  model,  assuming  that  the  surface  layer  po.sses.sed  constant  toughne.ss;  and  (2)  a  more 
complex  model,  which  allowed  for  a  surface  material  contribution  to  the  T-curve.  In  method  (2), 
the  individual  T-curves  deteraiined  for  the  base  materials  were  used  to  define  the  trilayer 
composite  T-cunte.  The  results  from  this  method  show  that  it  is  possible  to  model  strength  and 
toughness  properties  of  a  trilayer  composite,  based  on  the  T-curves  of  the  individual  base 
materials.  This  model  was  able  to  account  for  the  influence  of  surface  layer  thickness  on  the 
strength  re.spon.se.  but  the  simpler  model  was  unable  to  account  for  the  thickness  efiecL  This  is 
interpreted  a.s  evidence  that  the  surface  material  did  in  fact  po.sse.ss  T-cun/e  behavior  on  its  own. 
and  therefore  contributed  to  the  composite  T-curve. 

fso  The  T-curve  model  based  on  arc-shaped  line  forces  was  also  able  to  provide  reasonable  fits 
to  the  trilayer  composite  strength  data,  with  average  differences  of  about  6%  between  the 
measured  and  predicted  strengths.  Tliis  ftirther  demonstrated  the  viability  of  defining  the  T-cutve 
of  a  laminated  composite,  based  on  the  individual  T-curves  of  its  constituent  materials. 

7,  The  trilayer  concept  was  demonstrated  to  show  potential  for  application  to  a  system  of  greater 
strength  and  louglmess  than  AAT20.  based  on  zirconia  materials.  Trilayers  having  a  surface  layer 
thickne.ss  ot  about  140  urn  seemed  to  exhibit  composite  strength  response,  when  sintered  for  2  his 
at  1500”  C.  Strength  improvement  for  the  monolithic  .1Y20A  surface  material  was  achieved  by 
sintering  for  an  additional  hour,  but  the  trilayer  composites  then  exhibited  body  material  strength 
response.  This  was  explained  on  the  basis  of  increased  transfonnabiiity  of  the  Ce-ZrO,  hulk 
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material. 


8.  The  tape  casting  plus  lamination  processing  route  is  a  very  efficient  and  reproducible  method 
for  controlling  the  final  layer  thickness  in  laminated  composites.  Also,  tape  casting  provides  a 
simple  and  reliable  means  of  producing  inhomogeneous  microstructures  based  on  agglomerates. 
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VTI.  SllCGF-^TTONS  FOR  FUTlJBE_WORl. 

,.)  The  z.rcon,e  Tilayer  sys.e„.  showed  promise.  In  order  .0  realize  ihis  sysiem’s  poiennal. 
suhsmnual  impmvemen.  in  processing  am  needed.  This  is  pamculariy  true  for  me  3Y20A 
mamriaL  Eliniinaung  ihe  imemgglomeram  voids  should  result  in  significam  strnngm 

.mpmvemen..  This  may  be  accomplished  rn  one  of  the  following  ways: 

a )  Pre-ralUing  of  the  3Y20A  powder  (by  ball.iuiUing)  to  break  down  the  spmy  dned 
agglomerates,  foUowed  by  dtylng  and  cmshing.  before  adding  the  powder  to  the  upe  cashng 

slun7. 

h.)  Further  adjnstmenu  in  the  slurry  chemistry  to  aid  in  dispenting  the  3Y20A  powder. 
The  dispen;ani  and  the  binder-solvent  system  used  in  the  3Y20A  slurries  were  the  same  as  the 
ones  used  in  die  alumina  and  AAT20  slumes.  Them  ,s  no  reason  .0  expect  dre  same  dispersant 
,0  be  effective  for  different  mamrltds.  or  even  the  same  biudem  and  solvents.  It  might  be  helpful 

•  n  r  rcnnsr  hindef-soivent  svstem  which  is  known  to  be  effective  in  tape 

to  seek  a  (commercal)  dispersant-bmder-soivenL 

casting  of  zirconia  matenals, 

c. )  Preparation  of  a  stock  soludon  of  3Y20A  powder  dispersed  in  die  solvenrs  used  in 
me  sluny.  The  dispersion  of  powder  in  the  stock  solution  could  he  achieved  widr  an  ultrasomc 
probe,  or  by  baU-milUng.  The  binder-solvem  soludon  could  dren  be  added  to  dds  stock  soludon, 

and  subsequently  baU-miUed  to  form  the  tape  casting  slurir. 

d. )  Fuither  increases  in  the  amount  of  excess  solvent  added  to  the  slurry.  Tins  may 

deceases  slip  visccsity  ,0  a  level  whem  me  normal  ball-mlUing  ,0  mix  the  slumy  could  break 
down  dte  spray  dried  agglomemms.  -Hre  excess  solvent  would  .ben  be  evaporated  ,n  a  coudolied 

manner,  prior  to  casting. 

(2)  The  altemaiive  T-curve  model  described  in  Secdon  V.  based  on  an  arc-shaped  line  force  m 
me  crack  wake,  should  he  developed  hiriher.  This  model  is  clearly  more  pKystcally  malisrlc  than 
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the  model  based  on  linear  closure  strips  used  in  this  research.  Tlie  model  might  be  improved  by 
altering  the  manner  m  which  the  surface  material’s  closure  force  switches  over  from  a  half-penny 
geometry  to  the  two  .separate,  symmetrical  arc  segments.  This  could  smooth  out  the  sharp  peak 
in  toughness  occurring  at  the  crack  size  of  t  +  5^,  and  thereby  improve  the  fit  for  the  trilayer 
composites. 

(3)  There  is  an  inconsistency  between  the  Pl  value  determined  from  radial  crack  length 
measurements,  and  from  observations  of  lateral  crack  development.  Crack  length  measurements 
in  the  homogeneous  AAT20  material  yield  a  of  2445  N,  while  lateral  crack  observations  give 
a  Pl  ot  40  -  200  N.  The  values  for  Pl  should  be  similar,  regardless  of  the  method  for  its 
detemiination.  The  proper  means  for  determining  Pl  should  be  investigated:  or.  perhaps,  the  exact 
influence  ol  Pl  on  modifying  the  residual  indentation  stress  intensity  parameter.  x>  should  be  re¬ 
evaluated.  For  example.  Cook  has  suggested  that  a  relation  of  the  form  x  =  X(/(l  +  {P/Pl)“)  may 
be  appropriate  (for  this  work,  the  exponent,  m.  was  simply  taken  to  be  1). 

(4)  A  third  alternative  plotting  scheme  should  be  investigated.  It  might  he  argued  that  the  surface 
material  strength  response  is  entirely  caused  by  lateral  cracking  effects,  and  that  the  surface 
material  should  be  modeled  solely  on  the  basis  of  Pl  and  T„.  This  possibility  is  difficult  to  rule 
ouL  However,  when  the  surface  material  strength  response  is  modeled  in  this  manner,  the 
predicted  crack  sizes  at  failure  are  impossibly  small  (that  is.  smaller  than  the  known  initial  crack 
sizes).  This  could  be  a  result  of  using  an  improper  Pl.  or  Pl  influence  on  x  as  mentioned  above. 

In  any  event,  this  possibility  should  be  investigated  further.  Once  the  surface  material  parameters 
have  been  detennined  (i.e..  To  and  Pl),  then  the  bulk  material  would  be  fitted  using  the  T-curve 
parameters  (e.g..  b.  a,,  and  c*),  and  then  the  trilayer  composite  T-curve  would  be  defined.  This 
modeling  scheme  is  attractive  for  at  least  one  reason:  it  employs  fewer  adjustable  parameters. 

(5)  The  ellects  on  the  trilayer  T-curve  of  some  of  the  complicating  factors  present  in  the  zirconia 
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sv«em  .hould  he  ,nve.„ga.eh.  Specncaily.  i.  should  no,  be  ,oo  d.fflcul,  ,0  incon>ora,e  any 

„a,dual  snesses  ans.ng  i™,  .=nnal  eypans,on  ,n,s.a.ch  helween  die  suKace  and  Inien. 

elastic  modulus  mismatch  should 


materials,  into  the  Iracture 


mechanics  analysis.  Incorporaung 


also  be  investigated.  In  addition,  any  differences  in 
role  in  detennining  the  trilayer  composite  T-cur,e  behavior. 


T„  might  be  expected  to  play  an  important 
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iPPFNDIX  1:  p^n^nnsite  DeveUmmenl  -  UnSffiasMBlAKSg^ 

This  appendix  wiii  descnbe  some  o.  the  eariy  auempis  a,  prodncng  tnlayer  compos, tes. 
sene  0,  dte  sysiems.  cotnpos.tes  wete  successtndy  iahHcated.  hut  com,Kts,te  strength  behavior 
was  not  Observed.  In  other  systems,  mlayer  composites  were  never  successfully  processed.  For 
each  case,  a  briet  explanat.on  of  the  problems  encountered  will  be  offered. 

A.  Coarse/Fine  Alumina  Composites 

The  onginal  motivaUon  for  this  project  derived  from  wort,  by  B,  R.  Lawn,  er.  „/.  a.  NIST, 
as  weU  as  wort,  by  earlier  rosearchers  such  as  Gumhall  and  Gross,  which  demonstrared  dte  effect 
of  grain  slse  on  the  strength,  toughness,  and  flaw  tolerance  of  alutmna.  Based  on  them  work,  tr 
was  hypothesised  tha.  if  a  coarse-grained  ^umtna  body  could  be  fabricated  w,th  a  fme-gratned 
surface  region,  the  best  strongth  properties  of  the  two  materials  unght  be  transferred  to  the  new. 
compos, te  body.  Various  strategies  for  producing  such  a  coarse/flne  alumtna  material  were 

pursued. 

since  different  grain  sires  are  produced  in  pure  aluntma  by  using  differenr  flring 
schedules,  it  was  necessary  to  introduce  some  impurity  in  order  to  control  ,he  grain  sire  in  the 
surface  layer.  Previous  experience  at  Uhigh  had  indicated  that  solid  solution  dopants  often 
sunply  diftuse  throughout  the  body  (resulting  m  unlfonn  grain  structure,,  so  it  was  decided  that 
,m.n  sire  would  be  controlled  with  the  use  of  second  phase  particles.  Cubic  rircoma  was 
selected.  Since  cubic  rirconia  is  not  a  reintbreing  phase  for  aimnina,  ,t  was  necessary  ro  use  as 
lirte  as  possible  in  order  to  maintain  high  strength  in  the  surface  material.  Also,  by  using  a  small 
antount.  thennal  and  clasUc  mismatch  between  surface  mtd  bulk  utatentds  could  be  mmimired. 

An  amount  ol'  5  vol%  was  chosen. 

Laminated  composites,  consisting  of  alternating  -250  pm  layers  of  undoped  and  5  v„l% 
ZrOn-dopecl  ;Uuinina  (AZ5)  were  sintered  ai  1675-C  lor  30  hrs.  in  air.  Resulting  grain  sizes  were 
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I  ip,oie  AI„  Fiaciarc  surlacc  of  a  laminated  alumina  cotnposiic.  sliovving  the  micrfacc  between 
llic  cnarse-graincd.  iindopcd  alumina  layer  (lopj,  and  the  I'ine-izrained,  AKO^  +  5vol7f  ZrO,  layer 

(boiiom}.  Sample  was  sintered  in  air  at  1675’ C  lor  30  Ill's/ 


20  »<!  8  "^spectively,  anO  mcerfaces  between  Ote  two  regiom  wete  weU  controUecl  (see  Fig. 
Al).  Samples  having  the  coarse  grains  on  the  surtace  exhibited  the  stune  indentation  strength  as 
the  monolithic  coame  grained  alumina:  and  the  composites  having  the  AZ5  on  the  surtace 
exhibited  the  sattte  strengdts  as  dte  monolldtic  alutntna  of  dte  sante  grain  size.  No  compostte 
Strength  behavior  was  obsen/ed.  There  are  two  reasons  for  this.  First  ol  aU.  the  layer  thickness 
was  most  likely  mo  large.  Secondly,  the  gntin  size  difference  was  not  large  enottgh.  and  therefore 
me  possible  difference  in  strengdts  was  not  great  enough  to  be  experimentally  detecmd  In  the 
composites  tsaa.  ,..t  ax.™p.A  «»r  at.  at.  t«,.  Even  if  dte  gram  size  diffemnce  could  be 
increased,  which  is  utdikeiy  (considering  dte  sintering  trade-offs  involved),  the  strengdt  diffetences 
in  the  large  flaw  region  would  still  be  smaU,  making  experimental  detecdon  of  eomposim  smength 
response  difficult.  In  short,  this  was  not  a  model  laminated  composite  system. 

B.  Alumina/ AAT20  Composites 

Padtum  and  Bennison  each  showed  that  inhomogeneous  alumina  -  aluminum  titanate 
materials  displayed  even  better  flaw  tolerance  than  pure,  coarse-grained  alumina.  The  focus  of 
dte  laminated  composite  effort  consequenUy  changed  to  the  pmductittn  of  a  bulk  A  AT20  material 
having  a  line  grained,  high  stmngdt  alumina  surface  layer.  Such  a  material  was  uever  successfully 
produced,  pnmarily  because  of  inmrdifteion  problems.  In  order  to  obtain  the  line  grained 

alumina  layer,  four  different  strategies  were  employed: 

1.  AZS.  The  llntt  attempts  were  made  using  AZ5  as  the  surface  material.  The  typical 

1600-  C/  1  hr  sintering  run  needed  lo  produce  the  best  flaw  tctleratice  m  the  AAT20  matenal. 
tesulted  in  an  intetlacial  macuon  between  the  surtace  and  bulk.  This  reaetton  caused  dte  zimonia 
particles  to  disappear  Iron,  a  regton  wldtin  about  20  pm  of  ,h=  interface.  ™s  regten  was  left  in 
a  much  more  porous  condition  ihan  dte  surrounding  areas.  The  alumina  grain  size  d-roughom  dre 
surtace  layer,  and  especially  in  the  teaetton  zone,  was  considemhly  larger  than  would  be  expeemd 


115 


for  mat  sinmnng  ^hetlule.  Also,  me  z.rcon,a  pantcles  were  ...ore  irkely  to  be  founrl  wlrlrm  me 
amrnma  gra...,  r^er  ibarr  a,  me  grain  bounbartes.  as  besireU.  Figure  A2  shows  me  pobsheb 
eross-secion  of  me  inrerfacial  region.  I.  was  possible  ,o  prevent  me  reaction  from  occurTrng  by 
Mng  at  reoucet,  temperatures  ,e.g.  15<X)-  Qt  tawever.  me  body  maten^  men  lost  1.  coarseness 
and  consequently  int  Haw  tolerance.  When  longer  sintering  times  at  me  lower  tempenrmre  were 
used  in  order  to  mgain  the  flaw  tolerance  of  ihe  body  tnamnai.  men  me  surface  matenal  revened 
bach  inro  tts  original,  coame  and  porous  comlition.  AZ5  was  abandoned  as  a  surface  material. 

2.  500  ppm  MgO-doped  alumina.  Work  by  various  researchers  on  MgOAloped  aitimma 
has  tridicated  that  MgO  is  sometimes  able  to  counteract  the  effects  of  other  ttnpuriues  which 

would  otherwtse  prtmucc  coarsentng  or  abnormal  grain  growm  in  almulna 
,  was  thought  that  the  reaction  described  above  might  possibly  have  been  caused  by  diffusion 
of  impurities  from  the  AAT20  bulk,  and  mat  mose  impurities  mtght  have  ptoduced  a  Uquid  phase 
at  me  sintering  temperature.  Titanimn.  calcium,  and  silicon  were  delecled  (by  EDS)  throughout 
me  AZ5  surface  layers  (the  AlTiO,  was  only  ■99+%'  pure).  Thus,  new  composttes  were 
fabricated  with  a  500  ppm  MgO-doped  alumina  surface  layer.  This  resulmd  in  an  even  worse 
surface  mamrial.  after  sintering  at  1600-  C  for  1  hr.  Tire  surface  layer  was  characmrized  by  a 
iarge  number  density  of  huge,  elongamd  grains,  distributed  throughout,  as  shown  tn  Figures  A3 
and  A4.  This  inicro.stn.cmre  was  likely  caused  by  diffitsion  of  the  various  impuriues  into  me 
surface,  from  the  AAT20  interior.  Attemprs  to  eliminate  this  problem  tollowed  a  .strategy  sim 
,0  me  one  outlined  above  Ibr  the  AZ5  reaction  problem,  and  met  with  similar  results.  .500  ppm 

MgO-doped  alumina  was  also  abandoned  as  a  surface  material. 

3.  3  wt%  Mgo-duped  alumina.  It  was  hoped  that  perhaps  ?0()  ppm  ot  MgO  was  simply 

not  enough,  and  that  by  Hooding  the  alumina  .surface  matenal  with  MgO.  the  effect  of  the  other 
impurities  could  be  suppressed.  This  strategy  was  also  unsuccessful.  Problems  were  encounnfred 
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Vh>nrv  A4.  Sl£M  inicn.-n.pl,  .luuving  pdishcd  ;uul  Ihcrmalh  oiclioci  cross-scc.ion  ..|  il.o  .ai 
IN'PC  01  sainpk-  slu.un  mi  A.k  ab.n,'.  500  ppm  MiiOdopci  alun.nia  la>cral  Icli;  AATZOal  nd 


Viom-v  AX  SEM  inicroi-raph  slu.wing  as-lirccl  .surlacc  ot  iriiaycr  coinposiic  ul.icli  Had  a  surlacc 
la>oi  ol  (uiiyiiuill)  j  .■'00  ppm  iVlgOilopcd  duiuiiia.  on  an  AAT20  hulk. 


in  successhilly  tape  casting  the  3  wt%  MgO-doped  alumina  powder.  Fired  samples  from  the  most 
successhtl  tape  (which  was  not  a  good  tape)  contained  extensive  blistering  and  cracking  defects. 
The  as  fired  surface  showed  the  same  elongated  grain  structures  as  the  500  ppm  samples  did.  for 
surface  layer  thicknesses  of  40  urn  and  70  pm.  A  thicker  .surface  layer  (about  200-300pm) 
exhibited  a  fine-grained  microstructure  on  the  as-fired  surface,  and  also  contained  second  phase 
particles  (probably  spinel).  The  cross-sections  of  these  samples  were  never  examined.  No  ftirther 

work  was  carried  out  using  3  wt%  MgO-doped  alumina. 

4.  In  a  final  attempt  to  produce  the  desired  microstructure,  a  composite  was  fabricated 

with  an  undoped  alumina  surface  layer,  and  sintered  at  1600*  C  for  1  hr.  just  to  see  whether  an 
absence  of  dopants  would  be  more  successful.  It  was  not.  The  same,  elongated  grain  structure 


was  observed. 


This  appendix  presents  the 


fortran  codes  developed  tor  the  computer  modeling. 


Included  here  are  the  codes  for  six  programs: 


The  prognm  used  to  determine  the  hardness  values,  based  on  measurements  ol  the 

indentation  impression  diagonals, 

2.  The  program  used  to  detemnne  P,.  the  tndem  load  at  which  the  lateral  cracking 

inlluence  becomes  significant,  based  on  radial  crack  length  measurements; 

3.  The  pregram  which  modeled  the  T-cunre  based  on  linear  sthps  of  constant  closure 

pressure.  Whtch  was  used  for  the  monolithic  AAT20  materials,  as  well  as  for  the  simples,  method 

of  modeling  the  irtlayer  composites  (methods  I  and  2  of  Secuon  V-O; 

4.  The  program  which  modeled  trilayer  behavior,  based  on  the  best  tit  paramerers  of  the 

two  monolithic  base  materials,  using  the  linear  slops  model. 

5.  The  pregrtun  used  in  modeling  T-curve  behavior  in  die  monoliths,  using  the  arc-shaped 

line  force  model. 

6.  The  pregrath  used  to  model  triiayer  composite  behavior,  using  me  best  fit  parameter 

from  the  two  base  materials,  using  program  5.  above. 


PROGRAM  HARDNESS 
real  p(12),a(  12),xa{  12),var(  120).xh.xan(  12) 
print  *.’how  many  indents  did  you  measure?’ 
read  *.np 

print  *.  do  you  want  to  run  the  whole  program(l),’ 
print  *.’or  do  you  just  want  final  results(2)?’ 
read  *.ians 
suml  =  0. 
do  10  J  =  l.np 

print  *. ’enter  indent  load  in  N’ 
read  *.p(j) 
if(ians  .eq.  l)then 

print  *, ’enter  measured  half-diagonal,  a.  in  microns’ 
read  ’*‘.xa(j) 

print  *.’how  many  measurements  for  that  P?’ 
read  *.xan(j) 
sum  1  =  sum  1  +  xan(j) 
endif 
10  continue 
varmax  =  10000000. 
sum  =  0. 

print  ’enter  minimum  hardness,  in  GPa’ 
read  *.xhlow 

print  *, ’enter  max  hardness,  in  GPa’ 
read  *.xhhi 

print  *, ’enter  hardness  step  size,  in  GPa’ 
read  *.xhstep 

do  2  X  =  xhlow.xhhi.xhstep 
if(x  .eq.  xhlow)then 
i  =  I 

else 

i  =  i  +  1 
endif 

xh  =  x*l.e9 
do  1  n  =  l.np 

a(n)  =  (p(n)/(2.*xh))**(  1  ./2,) 
a(n)  =  a(n)*l.e6 
if(ians  .eq.  l)then 
diff  =  a(n)-xa(n) 
resid  =  (diff**2)*xan(n)/sum  1 
sum  =  sum  +  resid 
write(*.3 1  )xa(n).a(n).diff 

3 1  fonnai(2x.f5.2.2x.f6.2.2x,17.2) 

else 

write(*,32)p(n).a(n) 

32  Ioniiat(2x.f4.0.2x.f6.2) 

endif 

1  continue 
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if(ians  .eq.  l)then 
vaiti)  =  sum/(np-l) 
if(var(i)  .It.  vaniiax)then 
varmax  =  vaiti) 
besth  =  xh*l.e-9 
varbesi  =  var(i) 


endif 


write(*,33)var(i).varbest 
33  foinniiat(2x.'variance  for  this  set= 


.f8.2y.2x.’varbest=’.f8.2./) 


sum  =  0. 


endif 

2  continue 

print  ’hardness  =  ’.besth.’  GPa 
print  *.’the  variance  was  .varbest 

stop 

end 
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Program  PLCL 

C+  TOs  pro^  determines  a  value  for  PL.  the  indent  load  at  which 
die  lateral  cracking  influence  becomes  important,  based  on  the 
C+  input  data  ot  radial  crack  size  vs.  indent  load.  PL  is  determined 
C+  by  Iterative  manipulation  of  equations  5  and  6  in  Cook,  et  al 
C+  J.Am.Ceram.Soc.  73  [7].  1873-78  (1990).  '  ” 

real  clO00).pl(I00).var(100).p(10).xco(10).co(10).xnco(10).pliow. 

+  plhi.plstep  ^ 

integer  q.qq.np.i.ncl.npl.n.ians 
open(37.file=’pl.dat’) 
rewind  37 

print  *.’how  many  indent  loads  did  you  measure  cracks  for'>’ 
read  *,np 

print  *.’do  you  want  to  run  the  whole  program  (1).’ 
print  *.’or  do  you  just  want  the  final  results  (2)?’ 
read  *.ians 
sum  1  =  0. 
do  10  i  =  l.np 

print  *. ’enter  indent  load  in  N’ 
read  *.p(i) 
if(ians  .eq.  l)then 

print  *. ’enter  average  crack  length  measured  for  that  P  (in  uni)’ 
read  *.xco(i) 

print  *.’how  many  cracks  were  measured  for  that 
read  *.xnco(i) 

suinl  =  sum  I  +  xnco(i) 
endif 
10  continue 


print  *. ’enter  Xo’ 
read  *.xo 

50  print  *.’enter  minimum  PL’ 
read  *.pllow 
print  *. ’enter  max  PL’ 
read  *.plhi 

print  *. ’enter  PL  step  size’ 
read  *.plstep 
Q  =  (plhi-pllow)/plstep 
if(q  .ge.  10())then 

print  *.’Too  many  PLs  -  redefine  limits  and/or’ 

print  *.  step  size  so  that  there  are  no  more  tlian  100  PLs' 
go  to  50 
endif 


51  print  Venter  minimum  CL  (in  urn)  (CL  is  the  crack  length’ 
pnnt  .  produced  by  indent  of  load  PL.  in  absence  of 
print  *. ’lateral  cracking  influence.]’ 
read  *.clJow 


print  *. ’enter  max  CL’ 
read  *,clhi 
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print  *, 'enter  CL  step  size 

read  ’^.clsiep 

QQ  =  (cUii-cllow)/clstep 

if(qq  .ge.  100)trien  redefine  CL  limits  and/or  ’ 

pnnt  *.‘Too  many  "  redefin 

print  *.’step  size  so  that  there  a 

go  to  5 1 

endif 

varmax  =  10000000. 
vartiest  =  1 0000000. 
sum  =  0. 

do  3  xpl  =  pUow.plhi.plstep 
if(xpl  .eq-  pllow)then 

-■  =  I 
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npl  =  tipl  +  1 
endif 

pl(npl)  =  _  _ PL='.xpl.‘ — • 

print  - - 

do  2  xcl  =  ellow.  clhi.  cistep 

ifixcl  .eq.  cllow)then 
rid  =  I 

else 

nd  =  nd  +  I 
endif 

d(nd)  =  xd*i.e-6 
do  I  n  =  Lnp 

tennl  =  p(.n)/pl(npi)  /3  ) 

co(n)  =  d(nd)=*=(tenni/(l.  +  terml))  (- 

co(n)  =  co(ini)*Le6 
iffians  .eq.  Dthen 

diff  =  co(n)-xco(n) 

resid  =  (diff“^-2)=^xnco(n)/suml 

sum  =  sum  +  resid 

if(n  .It.  np)then 

vamce  =  sum/(np-l) 

if(vamce  .gt.  varbesi)go  to 
endif 

X  =  xco(n) 
y  =  co(n) 

write(*.31)x,y.diff 
fonnat(2x.i6.L2x.f6. 1— 

else 

wriieC*  .33)p(n),co(n) 

writc(37,33)p(n)xo(n) 
foirmat(2x.l4.0.2x,t6. 1) 

endif 

continue 
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if(ians  .eq.  1  )then 

vaitncl)  =  suin/(np-l) 
if(var(ncl)  .It.  vamiax)then 
varmax=vaitncl) 
bestcl  =  xcl 
bestpl  =  xpj 
varbest  =  var(nci) 
endif 

write(*,32)var(ncl).varbest 

32  torTnat(2x.  variance  for  this  set  =’.f8.2y.’ varbest  =’  f8  2  /) 
endif  '  ’ 

100  if(n  .It.  np)then 

write(*,34)vamce,  varbest 

already  greater  than  varbest 

print  *.’Ioop  terminated  after’.n, ’increments’ 
endif 

sum  =  0. 

2  continue 

3  continue 

print  *.’best  CL  =  ’.bestcl 
print  *,’best  PL  =  '.bestpl 
print  *.’the  variance  was  ’.varbest 
write(37,*)’besi  CL  =  ’.bestcl 
write(37.*)’best  PL  =  ’.bestpl 
bestcl  =  bestcl*  l.e-6 
t  =  xo*bestpl/(bestcl)**l.5 
t=t*I.e-6 

of  PL  &  CL  predicts  T  =  ’.t.’  MPa/m’ 
wme(  .  )  this  combo  of  PL  &  CL  predicts  T  =  ’.t.’  MPa/m’ 

end 
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Program  TcurvelO  CLOSURE  PRESSURE. 

linear  up  to  twenty  experimentally 

C+  This  program  allows  the  user  calculate  T(c) 

C-h  measured  so-ength-mdent  loa  ^p^^^ 

C+  curves,  use  Ihese  lo  c  .^-.ngths  The  program  contains  six  Uo 

calculated  and  tire  "e  (logaridumcally).  calc 

C+  loops.  The  inner  one  ‘"f  “ff “Vsii.  and  labels  tire 
C+  ulates  a  trial  The  second  loop  increments  indent 

C+  maximum  s-c  value  as  m  for  each  indent  M 

C+  load,  so  mat  you  get  a  siren^  measured  value.  This  loop 

C+  lor  which  y»“  ““"i  me  squares  of  the  differences 

C4-  also  keeps  track  of  me  sum  The  next  loop  increments 

c+  between  caW"^  ^Xtes  the  varia^’fbr  each  set  of  strength¬ 
en  To.  “P  S«mln=s  the  minimum  variance,  and  then 

C+  indent  load  values,  deteran  &  closure  pressure 

C+  labels  the  best  values  for  «  weighted  towards  indent  loads 
depth.  The  variance  increments  closure  pressure. 

Ct  which  have  'P'  pressure  depth.  The  outermost  loop 

C4-  The  next  loop  increments  /  orogram  aUows  the  user  to 

C+  increments  steady  state  crack  • 

C+  specify  the  increment  size  or  e  X  term  to  account 

C.  input  a  PL  v*e.  prosram's  ourpuL  The 

c+  for  lateral  cracking.  The  us  y  „»iculated  strengths,  the 

C-t-  choices  are:!  D  a  table  of  variance  for  the  set,  for  EACH  set 

C+  difference  between  them,  an  screen)  and  at  the  end,  a 

Cf  of  adjustable  parainctets.  3„d  c-i  (2)  just 

Cf  printout  of  the  minimum  1  “ ’^^fl7p^ametem.  and 

C+  the  final  results  of  the  P™g^-  ■  ’ ^  determined 

C*  a  able  of  calculated  jS^ides  whether  lo 

C+  by  chose  best  fil  paramemm.  ■  ^  slress(c).  lor 

S  S^mTy Tuol  a  -  »  ™ 

Cf.  Wepa"*  ™  ''t?5urp(20),x.psi.smax(20),cf(20).cc.term  1, 

.^,^2  !ix  ?p.b.d.«  15),ltmcf.mcf.sigp(20  .  J.,vuP  150), 

+  mmvar.suu.  1  .sigps(20).estar.cstarlo.cstattu.cstars.cs,p 

integer  nsJimtt-nipmp 

S  ?“mrL''m1s  value  ealeulamd  for  each 

S  c  -Tm*  “sto!"m«nted  in  steps  of  0.05  power  of  .en 
S  UTaSt  hue  ness  va.e^~ 

S  “tie^rss  i-'i™-^  -dulus,  bu.  no  larenU  cracX  iufiucuce 

S  'psT  “e« 
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C+  smax  =  maximum  calculated  stress  value,  identified  as  the  strength 

C+  cf  =  crack  size  corresponding  to  smax 

C+  cc  =  do  loop  dummy  variable  used  to  increment  crack  size 

C+  terml  =  part  of  the  microstructural  K  field  tenn 

C+  term2  =  another  part  of  the  microstructural  K  field  term 

C+  XX  =  dummy  variable  used  in  incrementing  crack  size 

C+  cp  =  constant  closure  pressure  in  the  microstrucmral  K  term 

C+  b  =  depth  at  which  the  closure  pressure  becomes  activated 

C+  cstar  =  steady  state  crack  size 

C+  d  =  length  of  crack  wake  over  which  cp  acts(=c-b) 

C+  km  =  microstructural  stress  intensity  field 
C+  tc  =  the  toughness  curve,  T(c)  =  To  -  Km(c) 

C+  ns  =  used  to  convert  cc  into  an  integer,  which  is  then  used 
C+  as  the  tenn  number  of  the  array  variables  [s(ns).  tc(ns). 

C+  and  km(ns)] 

C+  sigp  =  experimentally  measured  strength 

C+  sigps  =  number  of  experimentaUy  measured  strengths  for  given  P 

C+  sum  =  sum  of  squares  of  calculated  -  measured  strength 

C+  suml  =  total  number  of  strengths  measured,  for  all  P 

C+  var(ntt)=  variance  for  present  strength-indent  load  set  =  sum/(np-l) 

C+  np  =  number  of  strength-indent  load  pairs 

C+  minvar  =  minimum  variance 

C-h  cplow,  cphi  =  low  and  high  range  for  closure  pressure 

C+  tolow.  tohi  =  low  and  high  range  for  To 

C-H  cstarlo,  cstarhi  =  low  and  high  range  for  cstar 

C+  blow.bhi  =  low  and  high  range  for  closure  pressure  depth 

C+  cpstep.bstep,tostep  =  step  sizes  for  do  loops 

C+  PL  =  indent  load  at  which  lateral  crack  influence  becomes  important 

open(37,file=’tcl0.dat’) 
rewind  37 

write(5,*)’how  many  measured  strengths  are  there?' 
read  *.np 
smn  1  =  0. 
do  10  ii  =  l.np 

write(5,*)’indent  load  =  (N)?’ 
read  *,p(ii) 

write(6.*)’indent  load  =  ’,p(ii) 

write(5,*) 'measured  strength  for  that  P  =  (in  MPa)?’ 

read  *,sigp(ii) 

write(6.*) 'average  measured  strength  was  ’.sigp(ii) 
write(5.*)'#  of  samples  tested  for  that  P  =  ?' 
read  *.sigps(ii) 

write(6.*)'#  of  samples  tor  that  P  =  ',sigps(ii) 
suml  =  suml  +  sigps(ii) 

10  continue 

write(5.*) 'input  parameters  -  Xo  =  ?' 
read  *.xo 
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write(6.=*‘)'Xo  =  '.xo 
print  enter  psi' 

wmea*)-  minuiimm  To  =  (in  MPa*sqn(m))  V 

read  *.tolow 

write(6,*)’min  To  =  Molow^ 
write(5r) 'maximum  To  -  ? 
read  *.tohi 

write(6.*)  max  To  .lohi  MPi^surtCin))/' 

wnte(5.=*')’increment  size  tor  To  =  (m  MPa  sqrttm);. 

read  *.tostep 

iteStmimum  consent  closure  pressure  =  '.cplow 
write(5.*)’maximum  closure  pressure 
read  *.cphi 

write(6.*)’max  cp  =  '.cphi 
write(5.*)’CP  step  size  =  (in  MPa), 
read  *.cpstep 

wrirel5:*!'minrurdrsum  depth  =  (in  microns)  7’ 

write(6^*)hnin  closure  pressure  depth  = ’.blow 
write(5.*)’max  closure  pressure  depth 

read  *.bhi  -  9’  hhi 

write(5  •)-max  closure 

wrile(5.*)’cp  <lepl»>  “cp  size  =  nucrons). 

read  *.bsiep 

write(6  *)'b  step  size  =  '.bstep 
write(5,*) 'enter  PL  =  (in  N) 

^nt  Venter  minimum  .steady  state  crack  size,  in  urn 

read  *.cstario  , 

print  *. 'enter  max  steady  state  crack  siz 

poll  •  sicocly  slare  cnck  size  step  size,  in  unf 

read  *.csiars 

>  Define  constant  tenns:  nrpvious  run?(l=Y.2=N)' 

print  ^/want  to  enter  a  mmvar  from  a  p 

read  "^aans 
if(ians  .etj.  l)then 

print  'enter  minvar' 
read  *auinvar 

else 

minvar  =  lOOOOOO, 

pnp.‘  »,-wan,  in  see  aU  values  (I).  or  just  cod  tesultsca?' 
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read  *.iprint 

print  *.’Want  lo  create  data  file  tclOdat.all.  containing  ALL’ 
print  *.  values  of  c.  sqrT(c),  kins,  tc.  and  stress  71-Y.2-N’ 
read  *.idata 

ifCidata  .eq.  1  )then 

open(7n.fiIe=  •  I  c  1  Odat.air ) 
rewind  70 
endif 

write(*.31) 

31  Fonnat(2x.’  measured  ’.2x.'calculated’,2x, 'difference') 
do  7  cs  =  cstarlo.  cstarhi.  cstars 

print  *,’======>CSTAR  =  \CS 

cstar  =  cs*l.e-6 


do  5  bb  =  blow.  bhi.  bstep 


write(6.32)bb 

32  fonnat(2x.50(’-'),'b=  '.M.O.IOC-')) 
b  =  bb*l.e-f) 

C+  - - - 

C+  Closure  pressure  loop: 

C+  - 

do  4  ccp  =  cplow.cphi.cpstep 
ifdprint  .eq.  1  )then 
write(6.33)ccp 

33  fonnat(2x.35(’-').'cp=  '.f4.0,10(’-’)) 
else 

print 

endif 

cp  =  ccp*  I  .eO 
it(ccp  .eq.  cplow)then 
ncp  =  I 
else 

ncp  =  ncp  +  I 
endif 

C+ . 

C+  To  loop: 

C+  . . 

do  3  tt  =  lolow.iohi.tostep 
to  =  ir*l.e6 
if(tt  .eq.  tolowUhen 
ntt  =  I 
else 

iitl  =  nil  +  1 
endif 

C+ -  -  - . 

C+  Indeniation  load  loiip: 
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c+ 


do  2  nip  =  I  'Op 

X  =  xo/(l.+p(nip)/pI) 

CO  =  ((x*p(nip))/to)**(2./3.) 

CO  =  co*l.c6 
CO  =  loglO(co) 

smaxi=-  l-e7  _^*^«u.s=s*s<:i=#*=!'***=^*»***-*=""'*********" 

C+  Inner  loop  for  stress.  T-curve 

do  1  cc  =  co.3.45,  0.025 
if(cc  .eq.  co)then 
ns  =  I 
else 

ns  =  ns  +  I 
endif 

XX  =  I0.**cc 
c(ns)  =  (l.e-dl'^xx 
d  =  c(ns)  -  b 
if(c(ns)  .le.  b)then 
km(ns)  =  0. 

elseif(c(ns)  .gt.  b  .and.  c(ns)  ;J;- 

temil  =  2.*((b/c(ns))  +  (d/c(ns)))  d-^-) 

terai2  =  -2.*(b/c(ns))*'^(l-/2.)  -  (d/c(ns)) 

km(ns)  =  -psi*cp*sq!t(c(ns))*(tenni+tenii2) 

=  -psi*cp*sqn(csur)»(l-2.*Wcsiar)-(l.P-.) 

+(b/cstar)) 

endif 

!5nT)^=  (tc(ns)-x*p(nip)/c(ns)=^=^  l.5)/(psi*sqn(c(ns))) 

wriTe(70.40)p(nip),c(ns)- 1  .e6.sqrt(c(n^ 

~l.e-b.ic(ns)=*‘i.e-6.s(ns)=*‘l.e-6 

fomiat(2x.r4.0.2x.f6. 1 .2x.f6.2.2(2x.l6.3).2x.l7.-) 
endif 

if(s(ns)  .gt.  sinaxi)tlien 
smaxi=s(ns) 

smax(nip)  =  s(ns)*l.e-6 
cf(nip)  =  c(ns)*l.e6 
knicf  =  kiiKns) 
tccf  =  ic(ns) 


40 


endif 
1  continue 
=' 


resid  =  (sinaxqiip)  -  sigp(.nip)) 
ii(iprint  .eq.  Dthcn 

write(6.34)  sigpfn'P)'  .sniaxfnip).  re.sid 
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34  Forniat(  2x.e  1  ().4.2x.e  1  ().4,2x.e  1 0.4) 

endif 

if(nip  .eq.  l)then 

suin  =  ((smax(l)  -  .sigp(J))**2)*sigps(l)/suinl 
else 

sum  =  sum  +  ((.smax(nip)  -  .sigp(nip))**2)*sigps(nip)/suml 
endif 

if(nip  .It.  np)then 

vamce  =  sum/(np- 1 ) 
if(vamce  .gt.  minvar)go  to  100 
endif 

2  continue 

C+ . . . 

vaitntt)  =  sura/(np- 1 ) 
if(var(ntt)  .It.  minvar)then 
minvar  =  var(ntt) 
tobest  =  to*  1  .e-6 
cpbest  =  cp*  1  .e-6 
bestb  =  b*  1  .e6 
bestcs  =  cstar*  1  .e6 
endif 

ifOprint  .cq.  l)then 
write(6,35)vartntt).niinvar 

35  fonnat(2x. 'variance  for  this  set  =  ■,17.2./.2x.’minvan=  ' 

+  tl.lj) 

endif 

too  if(nip  .It.  np)then 
ifOprint  .eq.  l)then 
write(6,36)vamce.minvar,nip 

36  tonnat(2x,’variancc(  ',f6.2.’)  already  greater  than  minvar( 
+f6.2,’)’./,2x.'loop  tenninated  after  ',i2,'  increments’./) 

endif 

endif 

3  continue 

4  continue 

5  continue 

7  continue 
do  8  j=  I  .np 

write(6.4 1  )pO),smax(j).cfO) 
write(37.4 1  )p(j).smax(j),cf(j) 

4 1  foniiat(2x.f5.0,2x.f8.2.2x.f8.2) 

8  continue 

write(6.*)*best  b  =  '.bestb 

write(6.*)’best  To  =  '.tobest 

write(6.*)'best  cp  =  ’.cpbest 

write(6.*)’bcst  cstar  =  ’.bestcs 

write(6.*)’with  a  minimum  variance  of  minvar 

write(37.*)’best  b  =  ’.bestb 
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write(37,*)'best  To  =  Mobest 
write(37.*)’best  cp  =  'xpbest 
wriie(37  *)’best  cstar  =  ’.bestcs 
wriie(37.*)’ininvar=  '.aiinvar 

stop 

end 


Program  Tcurve9 

c+  This  program  is  designed  for  trilayer  composites.  It  uses  the  same 
C+  basic  stress  intensity  factor  solution  for  Km  as  the  previous  8 
c+  programs,  but  now  I  define  several  different  crack  size  domains,  lor 
c+  which  the  actual  fonn  of  Km  is  slightly  different,  reflecting  the 
c+  different  materials  the  crack  is  sampling.  For  this  program,  the 
c+  user  inputs  the  best  tit  parameters  found  from  TcurvelO  for  the  two 
c+  base  materials  -  i.e..  To.  CP.  b.  and  c* 
c+ — _ _ _ ; _ 

real  s(l  15).c(1 15),to.p(20).x.psi.sigmax(20).cf(20).cc.terml, 

+  tenn2.xx,cp.b.d.km(  1 15).tc(  1 15),kmcf.tccf.sigp(20).sum.var(  150). 
+  suml.sigps(20).kms(1 15),kmb(l  15).cstars.cstarb.minvar 
integer  ns.ii.nip,np.nth 

- - 

open(38.rile=’icy.d’) 
rewind  38 

write(5.*)’how  many  measured  strengths  are  there?’ 
read  *.np 
sum  1=0. 
do  10  ii  =  l.np 

write(5.*) 'indent  load  =  (N)?’ 
read  *.p(ii) 

write(6.*)’indent  load  =  ',p(ii) 

write(5.*) ’measured  strength  for  that  P  =  (in  MPa)?’ 

read  *.sigp(ii) 

write(6.*) ’average  measured  strength  was  ’.sigp(ii) 
write(5,*)’#  of  samples  tested  for  that  P  =  ?’ 
read  *.sigps(ii) 

write(6.*)’#  of  samples  for  that  P  =  ’.sigps(ii) 
suml  =  suml  +  sigps(ii) 

10  continue 

write(5.*) ’input  parameters  --  Xo  =  ?’ 
read  *.xo 

write(6.*)’Xo  =  ’.xo 
print  *. ’enter  psi’ 
read  *.psi 

write(5.*)’  surface  To  =  (in  MPa*sqrt(m))  ?’ 
read  *.tos 

write(6.*) ’surface  To  =  ’.tos 
write(5.*)’bulk  To  =  ?’ 
read  *.tob 

write(6.*)’bulk  To  =  ’.tob 

write(5.*)  surtacc  constant  closure  pressure  =  (in  MPa) 
read  *.cps 

write(6.*)  surface  constant  closure  pressure  =  ’.cps 
write(5.*)  bulk  closure  pressure  =  ?’ 
read  *.cpb 

write(6,*)’bulk  cp  =  ’.cpb 
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wnie(5.*)'sunacc  closure  pressure  depth  -  (m  uucrorrs. 

wrtteip^-surtacc  closure  pressure  dep*  =  '.bs 

write(5.=')’bulk  closure  pressure  depth  -  - 

read  ‘'‘.bb  .  _  ■y> 

write(5,*)’bulk  closure  pressure  depth  .  . 

write(5.*) ’enter  PL  =  (in  N)’ 

w«5?)'surf.  '"“"“I  *“*>' 

read  *.cstars 

print  *;enter  bulk  cstar  in  microns 

write  *Ve*nBr  mrnlmum  surface  layer 

NOT  ENTER  A  thickness  LESS  THAN  bs  .. 

“tiller  max  surface  layer  mickness  in  miemns' 

rtet'^tmer  Ihicloiess  step  size,  in  microns' 

,0  create  dam  file  "  “nmnin^  all ' 

=!■  -n  c  c=*=- 1/2.  km.  tc,  stress  values?  It  will  be  a 
S  >'■  HlioE.  HUGE  me  unless  you  are  only  compuung 
pnnt  few  thicknesses.  l=yes.  2=no' 

read  *.nans 
if(nans  .eq.  l)then 

open(37.rile=  tcydal.all ) 
rewind  37 


C-i-  Define  constant  lenns: 
minvar  =  lOCXXlOU- 
tos  =  los*l.e6 
tob  =  tob’*'l.e6 
cps  =  cps*l.e6 
cpb  =  cpb*  I  .c6 
bs  =  bs^l.e-6 
bb  =  bb*l.e-6 
cstars  =  cstars*^  I  .e-b 
cstarb  =  cstarb'*‘l.c-6 
write(*.31) 

31  Fonnat(2x.’  P  '.2x. ’calculate, 
do  1 1 1  th  =  thiow,  thhi.  thstep 
if(th  .eq.  tltlow)then 
nth  =  1 
else 

nth  =  nth  +  1 
endif 
t  =  th 
t  =  t*l.e-b 


.2x.’  CD 
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if(bs  .ge.  t)then 
bb=bb+t 
cstarb=cstarb+t 
go  to  100 
endif 

print  - —  t  =  '.th.' - - - — ’ 

write(38.301)th 

301  format(lx.’ - t  =  M4.0.’ _ ’) 

C+  -  -  -  - . - . 

C+  Indentation  load  loop: 

C+ . 

sum  =  0. 
do  2  nip  =  l.np 

X  =  xo/(l.+p(nip)/pl) 

CO  =  ((x*p(nip))/tos)**(2./3.) 

CO  =  co*l.e6 
CO  =  loglO(co) 
smax  =  -l.e? 

**************************=l<=i‘******Ji<*****J(c****************:^***;^***;^* 

C+  Inner  loop  tor  stress,  T-curve  calculations: 

****************=f*************4.****.**********************X.**=****:^** 

do  1  cc  =  co.3.45.  0.025 
if(cc  .cq.  co)then 
ns  =  I 

else 

ns  =  ns  +  1 
endif 

XX  =  10.**cc 
c(ns)  =  (l.e-6)*xx 
ds  =  c(ns)  -  bs 
if(c(ns)  .It.  bs)then 
kms(ns)=0. 
knib(ns)=0. 
kni(ns)  =  0. 

elseif(c(ns)  .ge.  bs  .and.  c(ns)  .le.  t)then 

teniil  =  2.*((bs/c(ns))  +  (ds/c(ns)))**(l./2.) 
ienn2  =  -2.*(bs/c(ns))**(l./2.)  -  (ds/c(ns)) 
kms(ns)  =  -psi*cps*sqrt(c(ns))*(tennl+tenn2) 
lanb(ns)=0. 

tan(ns)=knis(ns)+kinb(ns) 
elseif(c(ns)  .gt.  t  .and.  c(ns)  .le.  (t+bb))then 
tennl  =  2.*(t/c(ns))**(l./2.)  -  (t/c(ns)) 
tenn2  =  -2.*(bs/c(ns))**(l./2.)  +(bs/c(ns)) 
kms(ns)  =  -psi*cps*sqrt(c(ns))*(tennl  +term2) 
kmb(n.s)=0. 

kni(ns)  =  kms(ns)+knib(ns) 
elseit(c(iis)  .gt.  (t+bb)  .and.  c(ns)  .le.  cstarsltlien 
temil  =  2.*(t/c(n.s))**(l./2.)  -  (t/c(ns)) 
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lerai2  =  -2.'"(bs/c(ns))=*‘*(l-/2.)  •<-  (bs/c(ns)) 

to«ns)  =  .psi»cps*sqrt(c(ns))*<te™^tenn-) 

teniilb=  l.-2.n(t+bb)/c(ns))=^  (1./2.) 

eiseS 

icTi  =  2.nt/cstars)-(  1  ./2.)-(t/cstars) 

tenn2  =  -2.’^(bs/cstars)=*=ni./2.)+(bs/cstare) 

kins(ns)  =  -psi-cps'^sqrt(csurs)"(fennH-tenB2) 
“Ta^bb)/c(ns))-(l./2.) 

‘X'ri'"U-.rae™ib«e™2^ 

lan(ns)  =  kinsCns)  +  kmb(ns) 
elseif(c(ns)  .gl.  (t-i-cstarb))to  „  . 

temilb=  l.-2.*((t+bb)/(i-!-cstarb))  (1./-) 

term2b=  (t+bb)/(t+cstarb)  ™  i h-s-tenn 

laiib(ns)=  -psi*^cpb*sqm(t-5-csurb))ntenn  Ib+tem 

kj!iis(ns)=lam(ns-l) 

km(ns)  =  kmssur  +kmb(ns) 
endif 

if(c(ns)  .It.  Dtben 
to  =  tos 


to  =  tob 


SMK(ns)-^P(mp)/c(ns)~1.5)W^^^ 

wS7?3)S.c(ns)M.e6.sqm«n.^-<.e6)^ 

*l.e-6.-kinb(ns)*l.e-6,tc(ns)  l.e-6.s(ns)  . 

tomiat(2xJ'4.().2xa'6.I.2x.f6.23(2xi8.5).2x,t6.2) 

endif 

if(s(ns)  .gt.  smax)then 
smax  =  s(ns) 
signux(nip)  = 

cf(nip)  =  c(ns)*  l.eb 


tccf  =  lc(,ns) 
endif 
1  continue 

resid  =  (Signiax(nip)  -  .sigp(nip)) 
write(6,34)  p(nip).  .sigmax(mp),  cf(rap) 
write(38.34)  p(nip).  .sigmax(nip),  cf(nip) 

34  Fonnat(2x,f4.0.2xJ7.2.2x.f5.0) 

if(nip  .eq.  l)then 
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sum  =  {(sigmax(l)  -  s!gp(l))**2)*sigps(l)/suml 
else 

sum  =  sum  +  ((sigmax(nip)  -  sigp(nip))**2)*sigps(nip)/suml 
endif 
2  continue 

C-j-  -  —  - - -  —  _ _ _ 

vaitnth)  =  sum/(np-l) 
if(var(nth)  .It.  minvar)then 
minvar  =  var(nth) 
thbest  =  t*l.e6 
endif 

write(6,35)var(nth).minvar,thbest 
35  format(2x. ’variance  for  this  set  =  ’.f7.2./.2x.’minvar=’,f7.2,A 
+2x.’best  t  =  ’.fS.l) 

print  - - - - - ’ 

writc(38.*)’ - — - ’ 

111  continue 
100  if(bs  .ge.  t)then 

do  22  nip  =  I  .np 

X  =  xo/(l+p(nip)/pl) 
co=((x*p(nip))/tos)**(2./3.) 
co=co*l.e6 
CO  =  loglO(co) 
smax  =  -l.e? 
do  1 1  cc  =  co.3.45.0.025 
if(cc  .eq.  co)then 
ns  =  I 
else 

ns  =  ns+1 
endif 

xx=IO.**cc 
c(ns)=(l.e-6)*xx 
kms(ns)=0. 
if(c(ns)  .le.  bb)then 
kmb(ns)=0. 

elseif(c(ns)  .gt.  bb  .and.  c(ns)  .le.  cstarb)then 

kmb(ns)=-psi*cpb*sqrt(c(ns))*(l.-2.*(bb/c(ns)) 

+  **(l./2.)+(bb/c(ns))) 

elseif(c(n.s)  .gt.  c.starb)then 

kmb(n.s)=-psi*cpb*sqrt(cstarb)*(l.-2.*(bb/c.starb) 

+  **(l./2.)+(bb/cstarfa)) 

endif 

km(ns)=kmb(ns) 

tc(ns)=tob-km(ns) 

s(ns)=(tc(n.s)-x*p(nip)/c(ns)**  1 .5)/(psi*sqiT(c(ns))) 
if(nans  .eq.  l)then 

write(37,43)p(nip),c(ns)*  1  .e6,sqrt(c(ns)*  1  .e6).lans(ns) 

+  *  I  .e-6.kmb(ns)*  1  .e-6,tc(ns)*  1  .e-6.s(ns)*  I .e-6 
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endif 

if(s(ns)  .gt.  smax)then 
smax  =  s(ns) 

sigraax(mp)=sn:iax*  l.e-6 
cf(nip)=c(ns)*l.e6 

endif 

1 1  continue 

write(6*39)p(nip).s 

write(38.39)p(rap) 

39  forniat(2x,t4.0.2xJ6.2=2x.f6.0) 

22  continue 

endif 
stop 
end 


igmax(nip),cf(nip) 

,signiax(nip).ei(ttip) 
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Program  Karcnew2 

c+  This  program  uses  solution  24.4  from  the  Stress  Analysis  of  Cracks 
c4-  Handbook  (Tada.Pans.Irwin,1985),  which  solves  for  an  embedded  penny 
c+  shaped  crack,  subjected  to  a  constant  line  force  acting  on  an  arc  of 
c+  radius  b.  and  half-angle  alpha.  As  this  program  is  intended  for  use 
C-i-  with  monoliths,  alpha  is  set  to  a  constant  value  of  pi/2. 

C+  This  program  allows  the  user  to  enter  up  to  20  experimentally 
C+  measured  strength-indent  load  pairs,  and  then  will  calculate  T(c) 

C+  curves,  and  use  these  to  calculate  strength  values.  The  program 
C+  prints  out  the  calculated  strengths,  and  crack  size  at  failure.  Or, 
c+  the  user  may  ask  to  see  all  values  of  stress.  Km.  and  crack  size 
Ch - - - 

real  s(l  15),c(l  15),to.p(20),x,psi.smax(20),cf(20).cc.Tinf. 

+xx,cp,b.d.km(l  15).tc(l  15).sum.sigps(20),suml.varnce. 
+pi.delta.var(150).sigp(20).minvar.pressure.pl 
integer  ns.ii.nip.np 
C+ 

C+  Definition  of  Variables; 

C+ 

C+  s  =  stress;  there  is  one  stress  value  calculated  for  each 
C+  crack  size  increment. 

C+  c  =  crack  size;  incremented  in  steps  of  0.025  power  of  ten 
C+  to  =  base  line  toughness  value,  in  Pa*sqrt(ra) 

C+  xo  =  constant  in  the  residual  stress  intensity  field,  incorporating 

C+  the  hardness  and  Young’s  modulus,  but  no  lateral  crack  influence 

C+  p  =  indentation  load,  in  N 

C+  psi  =  geometry  constant  in  the  applied  K  field 

C+  smax  =  maximum  calculated  stress  value,  identified  as  the  strength 

C+  cf  =  crack  size  ctjircsponding  to  smax 

C+  cc  =  do  loop  dummy  variable  used  to  increment  crack  size 

C+  XX  =  dummy  variable  used  in  incrementing  crack  size 

C+  cp  =  constant  closure  line  force  in  the  microstructural  K  lenn 

C+  b  =  depth  from  surf,  at  which  line  force  is  applied 

C+  delta=distance  behind  crack  tip  at  which  line  force  is  applied 

C+  km  =  microstnictural  stress  intensity  field 

C+  tc  =  the  toughness  curve.  T(c)  =  To  -  Km(c) 

C+  ns  =  used  to  conven  cc  into  an  integer,  which  is  then  used 
C+  as  the  tenn  number  of  the  array  variables  |s(ns),  tc(ns), 

C+  and  km(ns)I 

C+  i  =  used  to  detenninc  which  results  to  print 
C+  sigp  =  experimentally  measured  strength 
C+  sum  =  sum  of  squares  of  calculated  -  measured  strength 
C+  np  =  number  of  strength-indent  load  pairs 

C+  PL  =  indent  load  at  which  lateral  crack  influence  becomes  important 
c+  alpha=  pressurized  arc  half-angle  (in  radians),  for  bulk  material 
c+  t  =  surface  layer  thickness 

C+ _ _ _ _ _ 

write(5.*)’how  many  measured  strengths  are  there?’ 
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read  *.np 
sum=0. 

dolOii=l.np 

wriie(5.*)'indent  load  =  (N)/ 

prtm*' Srage  s..=ngth  for  that  P  =  (MPaV.-' 

read  *.sigp(is)  ^  .  .  p.,. 

prim  ^’numbe^  of  samples  broken  tor  that  P. 

read  *.sigps(ii) 
sum  =  sum  +  .sigps(ii) 

10  continue  _ 

write(5,=')'input  parameters  -  xo  -  • 

read  *,xo 

write(6,*)’Xo  =  .xo 
prim  ’enter  psi’ 

whets'’*)-  enter  m.nimum  To  =  (in  MPa*sqrt(m))  C 

read  *.tomin 

prim  'enter  max  To’ 

read  “^.tomax 

print  *. ’enter  To  step  size 

wmeS’enter  min  constant  closure  line  force  =  (KN/m)  T 

prim  ^’Ser  max  constant  closure  line  force’ 

read  *.cpmax 

prim  ’enter  cp  step  size 

^tSemer  min  e.p.  lag  distance  (microns)' 

pitot  Venter  max  ciosure  pressure  lag  distance' 

read  *.dmax  .  , 

print  ’enter  cp  lag  distance  step  size 

read  =^.dstep 

write(5.*) ’enter  PL  =  (m  N) 
read  *.pl 

prinT“'wri.e  ALL  values  to  daa  ffle?<l=y.  2-n)' 

read  *.ians 
iffians  .eq.  Dthen 

open(37.nie=’karcnew-2dat.aU  ) 

rewind  37 

open(38,rile=’karcnew-2.dat  ) 

rewind  3H 

pnto '.'want  to  sec  aU  p,strengto.tcsid  valucs''(l=y.2=n)' 
Pnt*Vwrra  to  enter  a  niinvar  from  previous  run'.'  (l=y;2 


=n)' 
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read  *,iwell 
if(iwell  .eq.  l)then 
print  *. 'enter  ininvar' 
read  *,niinvar 
else 

ininvar  =  10(XXX)00. 
endif 

do  5  dd=dmin.dniax.dstep 
delta  =  dd*l.e-6 
do  4  ccp  =  cpmin.cpmax.cpstep 
cp=ccp*  1  .e3 

do  3  tt  =  tomin,tomax.tostep 
if(tt  .eq.  tomin)then 
ntt=l 
else 

ntt=ntt+l 

endif 

to  =  If*l.e6 

C+ . 

C+  Indentation  load  loop: 

C+ . . 

do  2  nip  =  1  .np 

X  =  xo/(l.+p(nip)/pl) 

CO  =  ((x*p(nip))/to)**(2./3.) 

CO  =  CO*  I  .e6 
CO  =  loglO(co) 
smaxi=- 1  .e7 

****************  **********^’i‘^^*J'^*^^^**^****»#t**^*3*t*J)c*a((*J#c)|c*s*e:fl34c*;<(jje**)j(#^ljc 

C+  Inner  loop  for  stress.  T-curve  calculations: 

********  ********************5«*Sl***St****  **********************  ****** 

do  1  cc  =  co,3.45.  0.025 
if(cc  .eq.  co)then 
ns  =  1 

else 

ns  =  ns  +  I 
endif 

XX  =  10.**cc 
c(ns)  =  (l.e-6)*xx 
cl=c(ns) 
b=cl -delta 

if(c(ns)  .le.  delta  .or.  cp  .eq.  0.)then 
lan(ns)  =  0. 

elseif(c(ns)  .gt.  delta)then 
lan(ns)  =  -4.*cp*b*(atan((2.*cl -delta  Vdelta))/ 

+  (pi**(  1 .5)*.sqrt(c  1  *delta*(2.  *c  1  -delta))) 

endif 

tc(ns)  =  to  -  kin(ns) 

s(ns)  =  (lc0is)-x*p(nip)/c(ns)**1.5)/(psi*sqrt(c(ns))) 
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if(s(ns)  -gt.  smaxi)then 
smaxi=s(ns) 
siBax(nip)  =  s(ns)*  1.6-6 
cf(nip)  =  c(ns)*l.e6 

tmM.  l)wn.e(37.40)c(ns)^  I  .=6..kn,<ns)- 1  .e-6..c(ns)- 
+  l.e-6.  s(ns)*l-e-6 

40  formal(2x,f6.l.2x.lV.6.2x.».6.2x.t8.2) 

if(ians  .eq.  l)ilien 

writc(38»3i}  ^  ^ 

31  fonBat(2x/P\2x/strengm’.2x,  Co  ^  U  ) 

write(38,34)  p(nip).  smax(nip  ,  c(  1)  .e6.  ct(mp) 

34  Foraiat(2x,f5.0  Oxi6. 1 .2x,f6. 1 .-x.t6. 1 J) 


resid=smax(  nip)-sigp(.nip) 

"'"lit  JdTx,  1)  -.igp(l))-2)-sigps(l)/sum 

'‘“um  l=xiim  K((si.,ax(nip)-sigp(nip))**2rsigps(nip)/sum 

endif 

if(nsp  11.  np)theo 
va.rnce=siiiiB  I  /(np°  1 ) 
if(vamce  .gt.  minvar)go  to  100 


if(iprinl  .eq.  Dtiien  ^ 

write(6.41)sigp(nip).smax(mp).ressa 

fomiat(2x.l7.2,2x47 .2.2x47. 3) 


2  continue 

vaitntt)  =  suml/(np-l) 
if(var(ntt)  .It.  minvar)tli 
minvar  =  vaitntt) 
tobest  =  to*  1 .6-6 
cpbesi  =  cp*l.e-3 
dbest  =  delta*  l.e6 


.'variance  lor  this  set  -  ,var(ntt) 


100  if(nip  .11.  np)thcn 
endif 

3  continue 

4  continue 

prim  ^/complete  through  delta  - 


142 


5  continue 

print  *.’best  To  =’.  tobest 
print  *.’best  cp  =’,  cpbest.’  KN/m’ 
print  *.’best  delta  ='.dbest 
print  *,’minvar=  ’.minvar 
prcssure=cpbesf*  1  .e3/(dbest*  1  .e-6) 

Tinf  =  l.e-6*(sqrt(2.)*cpbest*I.e3/(sqiT(pi*dbest*l.e-6))) 
pnnt  gives  steady  state  toughness  =’.Tinf.’MPa*sqrt(in)’ 
print  *.’and  P/delta  =  '.pressure* l.e-6,’MPa’ 
il'Cians  .eq.  l)then 
do  7  j  =  1  ,np 

write(6,42)p0),smax(j),cl{j) 

42  fonnat(2x.f5.0.2x,l?.2,2x,17. 1) 

7  continue 
endif 
stop 
end 
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tt  and  karcnewlb  Here,  me  arc  line  torces  arc  allowed  to  extend  lo 
el  me  m,ertacc.'ax  in  Rarcnewdb,  However,  dns^ogr^n  aolv^s  or  Krn 

e.  lor  eacb  arc  elemenl,  «  Tgain  mirprc^  .^or 

C+  the  deepest  point  beneath  the  surface),  .^g  ,  ^  ^  . 

»  miayers  using  best  lit 

M  by  lcarcnew2.  IPrograni  karcnew3d  wiU  solve  tor 

c+  surface).  _ _ 

‘^*''reJsulMxU15),to.p<20),x.psi.s.niaOro 

a.xx.cp,b.d.kms(115),bnb(115).tc(ll5)4iamx>gP^(2“>-‘‘“"'-''="“''' 

^-pi,delta.var(l50),sigp(20).minvar.pl 

integer  ns.ii.nip.np 
C+ 

c+  Definition  of  Variables: 

C+  s  =  stress:  there  is  one  stress  value  calculated  tor  each 
rmck  size  increxBeoL 

C-I-  c  =  crack  size:  incremented  in  steps  of  0.05  power  of  ten 
r-s-  tn  =  base  line  toughness  value,  in  Pa*sqrt(m)^ 

Pj.  xn  =  constant  in  the  residual  stress  intensity  field,  incorporating 
C+  the  hardness  and  Young’s  modulus,  but  no  lateral  crack  influence 

C+  p  =  indentation  load,  in  N  .  r  ih 

Pj.  nsi  -  geometry  con.stant  in  the  applied  K  iieia 
C+  smax  =  maximum  calculated  stress  value,  identified  as  the  strengt 

C+  cf  =  crack  size  corresponding  to  smax 

C+  cc  =  do  loop  dummy  variable  used  to  increment  crack  size 

C+  XX  =  dummy  variable  used  in  incrementing  crack  size 

P-i.  CD  -  constant  closure  line  force  in  the  microstructural  K  term 

C+  b  =  depth  from  surf,  at  which  the  closure  force 

c+  delta=distance  behind  crack  tip  at  which  closure  force  is  app 

C+  km  =  microstructural  stress  intensity  held 

the  toughness  curve,  T(c)  =  To  -  Km(c) 

=  used  to  convert  cc  into  an  integer,  which  is  then  used 
as  the  tenn  number  of  the  array  variables  [s(ns),  tc(ns). 
and  !aii(ns)l 

C-t-  i  =  used  to  detenu ine  which  results  to  pnnt 
C-f  siep  =  experimentaily  measured  strength 

c+  smn  =  sum  of  squares  of  calcuUeO  ■  measured  strengm 
P4.  nn  =  number  of  strength-indent  load  pairs 

Ct  PL  =  indenl  load  al  which  lateral  crack  influence  becomes  impoiram 
1  Jure  angle  (in  radians),  frcra  crack  depm  ro  mrcflace 
idphus  =  FULL  arc  angle  for  surface  raalenal  lure  lurce 
c+  alphab  =  HALF  arc  angle  trrr  bulk  maienaj  line  lorce 
cx  Thcla=  arc  ancle  bciween  line  force  arc  intdpornt  and  the  crack 
depm;  for'bulk  material.  Theta=0;  for  surface  raalenal, 

Tlieta  is  aiphas/2  +  alphab  -  epsilon 


C-i-  tc 
C-s-  ns  = 
C+ 

C+ 


C-!- 
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c+  epsilon  =  lalphas-pi/2  +  alpha)  This  is  the  arc  angle  which 
c+  represents  the  extra  arc  segment  needed  to  extend  the 
c+  surface  material  line  force  ail  the  way  to  the  material 

c+  interlace,  rather  than  being  cut  off  while  still  in  the 

c+  surface  layer  (as  in  karcnewS  program) 
c+  t  =  surface  layer  thickness 

C+ - 

f(cp.ci.d.y)  =  4  *cp*(cl-d)*atan(y*(cl-d)/d)/ 

+  (sqrt((pi**3)*cl*d*(2.*cl-d))) 

t2(cp,c  i  .d.Theta.  A)  =  (2.*cp*(c  1  -d)/sqrt((pi**3  )*c  1  *d*(2.*c  1  -d))) 
+  *(atan((2.*c  1  -d)*tan((Theta+A)/2.)/d)-atan((2.*c  1  -d)*tan 
+  ((Theta-A)/2.)/d)) 
open(37,file=’karcnew-3c.dat’) 
rewind  37 

write(5,*)’how  many  measured  strengths  are  there?’ 

read  *.np 

sum=(). 

do  10  ii  =  l.np 

write(5.*)’indent  load  =  (N)?’ 
read  *.p(ii) 

print  *. ’average  strength  for  that  P  =  (MPa)?’ 
read  *.sigp(ii) 

print  *.’number  of  samples  broken  for  that  P?’ 

read  *.sigps(ii) 

sum  =  sura  +  sigps(ii) 

10  continue 

write(5,*) ’input  parameters  --  Xo  =  ?’ 
read  *.xo 

write(6.*)’Xo  =  ’.xo 
print  'enter  psi’ 
read  *.psi 

write(5.*)’  enter  To  =  (in  MPa*sqn(m))  ?’ 
read  *.to 

write(5,*)’enter  surt.  constant  closure  line  force  =  (KN/m)  ?’ 
read  *,cpsurf 

print  *. 'enter  bulk  constant  closure  line  force' 
read  *,cpbuik 

write(5.*) 'enter  surface  c.p.  lag  distance  (microns)' 
read  *,dsurf 

print  *. 'enter  bulk  closure  pressure  lag  distance' 
read  *.dbulk 

write(5.*) 'enter  PL  =  (in  N)' 
read  *.pl 

print  *. 'enter  surface  layer  thickness,  in  microns’ 

read  *.t 

t=f*l.e-6 

pi=acos(-l.) 

print  *.’write  ALL  values  to  data  file?(l=y,  2=n)’ 
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read  *,ians 
if(ians  .eq.  Dthen 
open(  3  8  .nie= '  karcnew3cdaLail  ’) 
rewind  38 

endif  .  ,  , 

pnm  ^■want  to  see  aU  P-s^^ngm  resjd  va^ues^o 

print  *.’just  final  strengths  and  Cfs.  (  a  .  -  j 

print  to  enter  a  minvar  from  previous  run?  (l=y;2=n)- 

read  *,iweil 
if(iwell  .eq.  l)then 
prim  ’enter  minvar’ 
read  *  .minvar 
ciss 

minvar  =  1 0000000. 
endif 

deltas  =  dsurPl.e-6 
deltab  =  dbulk*  1  .c-b 
cpb=cpbuik*  1  .c3 
cps  =  cpsurf*  1  .c3 
io  =  to*l.c6 

C+  -  --  --  --  - 

C+  Indentation  load  loop: 

. . .  . 

do  2  nip  =  1  .np 

X  =  xo/(l.+p(nip)/pl) 

CO  =  ((x‘‘‘p(nip))/to)**(2./3.) 

CO  =  co*l.e6 
CO  =  loglO(co) 

. . 

do  1  cc  =  co,3.45.  0.025 
if(cc  .eq.  co)lhcn 
=  1 


else 

ns  =  ns  +  1 
endif 

XX  =  l0.*-cc 
c(ns)  =  (l.e-6)*xx 
cl=c(ns) 
bs=c  1 -della.s 
bb=cl-deliab 
alpha  =  acos(!/cn 
il’(c(n.s)  .le.  dcitas)then 
knis(n.s)  —  0. 

elseif(c(ns)  .gt.  deltas  .and.  c(ns)  .le. 
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+  (t+cieltas))then 

cl=deltas 
cp=cps 
alpha=pj/2. 
y=tan(aipha/2.) 
lans(ns)  =  -f(cp,cl.d.y) 
elseif(c(ns)  .gt.  (t+deltas))then 
aipha=acos(t/cl) 

alphas=pi/2.-(atan((c  I  *sin(alpha)-(deltas/ 

+  sin(alpha)))/t)) 

epsilon  =  ;iipha  -  atan((cl*sin(alpha)-(deltas/ 

+  sin(aipha)))/t) 

Theta  =  aiphas/2.  -  epsilon  +  alpha 

d=deltas 

cp=cps 

A=alphas/2. 

kms(ns)  =  -2.*f2(cp.cl.d.Theta.A) 
endif 

if(cl  .le.  deltab  .or.  cl  .It.  t  .or.  (cl-deltab) 

.le.  t)then 

knib(ns)  =  0. 
elseil(cl  .gl.  dcltab)then 
alpha=acos(t/cl) 

alphab=  aian((cl*sin(alpha)-(deltab/sin(alpha)))/t) 

y=tan(alphab/2.) 

d=deltab 

cp— cpb 

kmb(ns)  =  -((cp.ci.d.y) 
endif 

kin(n.s)  =  kjiis(ns)  +  lanb(ns) 
tc(ns)  =  to  -  kiii(n.s) 

.s(ns)  =  (ic(n.s)-x*p(nip)/c(ns)**1.5)/(psi*sqrt(c(ns))) 
if(s(n.s)  .gt.  smaxi)then 
sinaxi=s(n.s) 

smax(nip)  =  s(ns)*l.e-6 
cf(nip)  =  c(ns)*l.e6 
endif 

if(ians  .eq.  l)wrire(38.40)c(ns)*l.e6.-kins(ns)*I.e-6.-kmb(ns)* 

+  I  .e-6.-kjn(as)*  1  .e-6.tc(ns)*  1  .e-6,s(ns)*  1  .e-6 

40  fbniiat(2x.f6. 1 .4(2x,l^;.6),2x.f8.2) 

1  continue 

C+  *********************=t‘********************:*****^*********^*^^^^^^^^ 

if(iprint  .eq.  2)then 

write(37.34)  p(nip).  sniax(nip).  c(  1  )*  I  .e6.  cf(nip) 

-34  Fonnat(2x.f5.().2x.f6. 1 .2x.f6. 1 .2x.f6. 1 ,/) 
endif 

resid=sniax(nip)-sigp(nip) 
if(nip  .eq.  l)ihen 
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suml  =  ((smax(l)  -.sigp(l))**2)*sigps(  D/sum 
else 

sum  l=sum  l-.((smax(nip)-sigp(nip))*=^2)"sigps(nip)/sum 

endif 

if(njp  .11.  np)ttien 
vamce=suni  i/(np- 1 ) 
if(vamcc  .gt.  iuinvar)go  to  100 
endif 

ifOprint  .eq.  l)tfien 

write(6.4l).sigp(nip).smax(nip).resid 

4 1  foniiat(2x.l7.2,2x.f7.2.2x,f7.3) 

endif 

2  continue 
(3^- - - 

varfntt)  =  suml/(np-l) 
if(var(ntt)  .It.  minvartthen 
ininvar  =  vartntt) 
lobest  =  lo*l.c-(i 
cpbest  =  cp*  l.e-3 
dbest  =  delta*  1  .c6 
csbest  =  cstar*  I  .e6 
endif 

if(iprint  .cq.  I)then 

print  ^/variance  for  this  set  =',var(ntt) 


100  if(nip  .It.  np)then 
endif 

3  continue 

4  continue 

print  *. 'complete  through  delta  =  '.dd 

5  continue 

print  *, 'through  c.siar='.  cs.'  .  minvar  =  .minvar 

6  continue 

print  *.'best  To  =',  tobest 

print  *.'best  cp  =',  cpbest.'  KN/m' 

print  *.'besi  delta  ='. dbest 

print  *.'best  csiar  =  '.csbest 

print  *. 'minvar  =  '.minvar 

stop 

end 
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ROmPMENTANDSUmJElUN^^ 

,  Tape  Caa^r:  TAM  Ceram, ca  .„c.,  San  Marcos.  CA.  MCei  .64  Slurry  Casur.  w.m  Mode. 

165  Dryer. 

.  Mylar  casting  film:  supplied  by  Dr.  Yang-Haw  Hu  of  E.  I.  duPont 

3.  Class  casungplams:  McOro.  Cass  .nc,  Cheamr,  PA.  Plams  wem  mmper.  glass,  and  dad 

dimensions  of  12X72X0.25  in.  ±  0.063  in.  over  total  lengdt. 

4.  Ball  Milling  Media:  u.  S.  Stoneware,  Cotp..  Mahwalt.  NJ.  99.5%  alumma  rods.  OiXO 

5.  piasUc  botUes.  for  slurries:  Fisher  Scienufic.  King  of  Prussia.  PA.  W.de-ntouth,  HOPE. 

0  Binder  soludon:  Metoriunic  Sciences.  Inc..  Carlsbad.  CA.  Grade  B73 181 

7^  Binder, nod, ner/suriacmnt:  Metoram.c  Sciences.  Inc.  Carlsbad.  CA.  Grade  Mil, 4 

I  V  ^tntic  Westsard  Electronics.  Inc..  Aurora,  CO. 

8.  Static  charge  eliminauon  device.  X-Stauc.  westsaro 

wi  #2089  Model  M  Hydraulic 

9.  Warn,  press:  Fmd  S.  Carver.  lnc„  Menomonee  Falls.  Wl. 

Laboratory  Press,  widt  a  set  of  2108-1  9X9  in.  steel  heating  platens, 
to.  Wann  pressing  dies:  Buehier.  Ltd..  Lake  Bluff.  IL. 

Alumina  refractory  dishes:  Morgan  Refractories  Inc..  Canon  City.  CO.  (99.8%  pure).  Also. 

McOanel  Refracoty  Co..  Beaver  Falls.  PA.  (99.8%  pure, 

.  I  I  qnecial  Furnace  Co..  Inc..  Aston.  PA.  Model  HB9 

12.  Binder  burnout/  calcination  furnace. 

Electric  Furitace.  with  HoneyweU  UDC3000  digital  program  control. 

CM  Furnaces  Inc .  Bloomfleld.  NJ.  Model  1700SA  Rapid  Tempetature 

13  Sintering  furnace:  CM  Furnaces,  me.,  d 

Lab  Furnace,  with  Eumthenn  821  Tentperature  Contnil  Systmn.  (max  temp  of  1700  Q 

14,  isopress:  Fluitmn  Inc..  Ivyland.  PA.  Model  CP3-12-60  Cold  Isostauc  Press.  Internal 

dimensions  of  pressum  vessel  -  3X12  in.:  max  pressure  of  60  ksi  (-l20MPa). 

r,  o  nH  I  h  in  diameter  latex  bags,  with 

15.  Rubber  isopmssing  bags:  Klein  Rubber  Co..  Ravenna.  OH.  . 

13  mil  wall  thickness  (-().3mm). 


16.  Microhardness  machines:  Leco  Corp..  M-4()0FT  Hardness  Tester  (P:2l  ON),  and  model 

V-IOOA  Hardness  Tester  (Pi ION). 

17.  Silicone  oil;  Dow  Coming,  704  ditfusion  pump  oil. 

18.  Strength  testing:  Instron,  Canton.  MA.  Model  1350 

19.  Digital  storage  oscilloscope:  Nicolet  Instrument  Corp.,  Madison,  WI.  Model  NIC-310 

20.  Optical  microscopes;  Olympus,  and  Nikon 

21.  Digital  image  analysis  pad:  DonSanto  Corp..Natick,  MA.  MicroPlanll  Image  Analysis 

System. 

22.  SEMs:  (a)  ETEC  Autoscan  Corporation,  Hayward.  CA.  (b)  JEOL.  Tokyo.  JapandJS 

office-  Peabody.  MA).  Models  840F.  and  6300F  (both  FEG). 

23.  Computers;  Zenith 

Gateway  486/33C 

IBM  RISC  System/6000  7012-320H  Workstations 

24.  Software:  FORTRAN  program  development,  editing,  and  debugging  primarily 
accomplished  using  WATFOR.77.  which  was  much  easier  to  leant  and  use  than 
anything  available  on  the  IBM  Workstations  or  the  mainframe  computers. 

25.  Chesapeake  Bay  Crabs:  Sea  Pride  Crab  House.  Baltimore,  MD. 
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